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Abstract
This thesis presents low temperature measurements of photoconductivity in strontium
titanate. Results for nominally stoichiometric strontium titanate offer further evidence
of a large increase in photocarrier lifetime below ≈ 35 K. Linear photoconductivity is
observed suggesting monomolecular recombination is dominant. At still lower temper-
atures of < 1 K persistent photoconductivity is found to emerge. The non-equilibrium
photoconductivity of thin films of oxygen deficient strontium titanate, fabricated by ar-
gon irradiation, shows not only persistent photoconductivity, as previously observed in
bulk samples but also transient negative photoconductivity. Furthermore large doses of
UV exposure are found to induced persistent photoconductivity in stoichiometric stron-
tium titanate. The photocarrier lifetime can be dramatically enhanced by prolonged UV
exposure, leading to photoconductivity which persisted on the timescale of hours. Fi-
nally results are presented for optically tunable superconducting-semiconducting devices,
with the aim of creating Josephson junctions. Although no devices become fully super-
conducting a potential future route to realising optically tunable Josephson junctions is
discussed.
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Chapter 1. Introduction

Strontium titanate, SrTiO3 (STO) is a semiconductor with a wide 3.2 eV gap separating
the oxygen 2p valence band from the titanium t2g conduction band [1, 2]. The valence
band maximum is located at Γ and, whilst the conduction band minimum has been report
to be either at Γ [3] or X [4], the smallest gap is most often considered indirect [5]. At room
temperature the crystal structure is cubic, undergoing a phase transition to tetragonal
when cooled below 105 K [6–8]. A metallic state can be created by substituting La3+ for
Sr2+ or Nb5+ for Ti4+, or by the addition of oxygen vacancies and at a carrier density as
low as 5× 1017 cm−3 superconductivity emerges [9,10], the second lowest carrier density
of any superconductor, surpassed only by single crystal bismuth [11]. The first example
of a superconducting semiconductor to be identified [12, 13], the critical temperature of
STO has a dome like evolution in doping [14, 15] with a maximum critical temperature
of Tc ∼ 300 mK. The low carrier density region of the dome has attracted significant
attention due to the fact that typical phonon energies are larger than the Fermi energy
~ω
EF

> 1 and consequently cannot be described by conventional BCS theory [16, 17]. At
low densities pairing without superconductivity has been predicted to occur [18], and
possibly experimentally verified [19], with superconductivity only emerging when these
pairs undergo Bose-Einstein condensation. This places STO alongside other unconven-
tional superconductors such as FeSe [20] which may host a BCS-BEC crossover.

Amongst STOs many remarkable properties is the extraordinarily large photoconductiv-
ity observed when illuminated with ultraviolet (UV) light. At low temperatures the car-
rier density has previously been shown to increase by more than a factor of 1010 [21] under
UV illumination. Photogenerated electrons have high mobilities ∼ 104 cm2V−1s−1 [22,23],
on par with the largest observed in chemically doped samples [24]. Holes on the other
hand are found to be localised [25]. Consequently UV light can be used to add electrons
directly into the conduction band, effectively allowing continuous, real-time and reversible
tuning of the carrier density. Furthermore the absorption of UV light is strongly depend-
ent on the wavelength, higher energy photons being absorbed closer to the surface. The
wavelength of incident light can therefore be used to tune the depth into the sample
that photocarriers are generated. Photoconductivity can, therefore, be used as a tool to
control both the density and thickness of a sheet of induced electrons, making it an at-
tractive alternative to chemical doping. However despite these extraordinary properties,
as yet, only a small number of works on the photoconductivity of STO have been reported.

The primary aim of this thesis is to further the understanding of photoconductivity in
STO, both in terms of its fundamental properties and its use as a tool for creating highly
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Figure 1.1: (left) A representation of the ideal cubic perovskite structure. The Sr, Ti and
O ions are coloured green, blue and red respectively. (right) A recent calculated band
structure of strontium titanate, by Ekuma et al. [26].

tunable devices. Specifically measurements of photoconductivity in stoichiometric STO,
SrTiO3−δ, UV irradiated STO, and niobium/STO superconducting devices are presented
in this thesis.

Firstly in chapter 4 results of a systematic study of the equilibrium and transient photo-
conductivity of stoichiometric SrTiO3 and SrTiO3−δ are presented. Measurements of the
photoconductivity of nominally stoichiometric STO between 4 and 55 K offer further evid-
ence that hole trapping is responsible for the large photoconductivity observed in STO.
When cooled still further, to < 1 K the onset of long lived persistent photoconductivity
is also found to occur. Measurements of thin films of SrTiO3−δ produced by Ar+ irra-
diation, also show persistent photoconductivity, consistent with previous measurements.
Alongside this transient negative photoconductivity is also observed, the possible origin
of this effect is discussed.

In chapter 5 results are presented for persistent photoconductivity in STO samples follow-
ing surface modification by high doses of UV light. Motivated by previous work indicating
that oxygen vacancies can be created by exposure to high intensity UV light, samples of
stoichiometric STO were exposed to large doses of UV radiation. This was found to dra-
matically increase the photocarrier lifetime, leading to photoconductivity which persists
on the timescale of hours. A systematic study of this photoinduced state is presented,
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Chapter 1. Introduction

and its possible origins discussed.

Finally in chapter 6 the use of photoconductivity as a tool for tuning semiconduct-
ing/superconducting devices is explored, in an attempt to create optically tunable Joseph-
son junctions. Results for several types of STO based junctions are presented. Although
the ultimate aim of creating optically tunable Josephson junctions was not realised, a
potential future route to achieving this is proposed.

4



Chapter 2

Theoretical background

In this chapter the theoretical background of the experimental work presented in this
thesis is outlined. In the first section photoconductivity will be discussed. Firstly the
basic theory of photoconductivity of semiconductors will be presented, then the effect of
impurities will be outlined, before finally addressing non-equilibrium photoconductivity.
The second section covers superconductivity and the Josephson effect. Firstly outlining
the basic properties of the superconducting state and two of the most ubiquitous theories
Ginzburg-Landau and BCS. Finally the superconductor normal metal interface and the
Josephson effect will be discussed.
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Chapter 2. Theoretical background

2.1 Photoconductivity

2.1.1 Semiconductors and photoconductivity

Photoconductivity is the change in electrical conductivity of a material caused by the ab-
sorption of light. This typically, but not always, leads to an increase in the conductivity.
Since its discovery in the late 19th century [27] photoconductivity has been observed in a
myriad of semiconductors and heterostructures, and can vary in magnitude from changes
of a few percent to increases in conductivity by more than a factor of 1010 [28, 29].

The measured change in conductivity can have two main origins. Firstly electrons and
holes can be optically excited into the conduction and valence bands, leading to an in-
crease density of free carriers. Secondly carriers which are already free can be excited to
an unoccupied state within the same band, where the mobility is different [30]. Account-
ing for both of these effects the change in conductivity can be expressed as

∆σ = qµ0∆n+ q∆µ(n0 + ∆n), (2.1)

where ∆µ and ∆n are the increase in mobility and carrier density under illumination and
µ0 and n0 are the dark mobility and carrier density [31]. Typically the change in carrier
density is the dominate effect, particularly in the case of wide bandgap semiconductors
where there is not a significant density of thermally excited carriers (∆n� n0).

The change in carrier density induced by light ∆n is determined by the rate at which
carriers are generated G and the average time before recombination occurs τ , known as
the lifetime. In equilibrium, when the rate of generation and recombination are balanced,
the density of photoinduced carriers can be describe by

∆n = Gτ. (2.2)

An additional complexity to equation 2.2, however, is that lifetime τ can also be de-
pendent of the generation rate, G. Setting τ ∝ Gγ−1, three situations can be described.
When the lifetime is independent of the generation rate γ = 1 (known as linear photocon-
ductivity), when the lifetime decreases as the generation rate increases γ < 1 (sublinear
photoconductivity), and finally when the lifetime increases as the generation rate in-
creases γ > 1 (supra-linear photoconductivity) [32]. The physical mechanisms which
cause each of these to arise will be discussed in section 2.1.3.

6



2.1. Photoconductivity

Figure 2.1: Intrinsic optical absorption for (a) a direct bandgap semiconductor and (b)
an indirect bandgap semiconductor, with a gap size of Eg. Electrons (blue arrow) are
promoted from the valence band (blue line) to the conduction band (red line).

The absorption of light by a semiconductor can be quantified by a coefficient of absorp-
tion α. Using this the intensity of transmitted light as a function of depth, z, into a
semiconductor can be described by Beer’s law,

I = I0 exp(−αz), (2.3)

where I0 is the initial incident intensity. Therefore at a depth z = α−1 into the semicon-
ductor 1/e photons will have been absorbed. This distance can be defined as the optical
penetration depth d = α−1. In the simple case of a defectless semiconductor absorption
is intrinsic, an electron from the valence band is promoted into the conduction band. The
light must have an energy of at least that of the bandgap Eg to be absorbed, consequently
the material is transparent to photons where ~ω < Eg.

Optical absorption can be either direct (no exchange in momentum) or indirect (change
in the wavevector k), dependent on the band structure of the semiconductor in question.
Direct transition involve only a photon, whereas indirect transitions also require the
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Chapter 2. Theoretical background

simultaneous exchange (either absorption or emission) of a phonon, as the momentum of
a photon is effectively negligible. These two types of absorption are shown in figure 2.1.
In the case of direct transitions the coefficient of absorption varies as

α =
√
Ephoton − Eg, (2.4)

consequently as the incident photon energy Ephoton is increased the absorption occurs
in a progressively thinner sheet near to the surface (see ref. [32] for a full derivation).
This allows the wavelength of incident light to be used to tune the depth of photocarrier
generation, the penetration depth varying as d = (Ephoton − Eg)−

1
2 .

Equations 2.2 and 2.4 form the fundamental basis for tuneability in a photoconductor.
Firstly the carrier density can be controlled by the intensity of illumination. Secondly
the depth of photoinduced carriers can be controlled by the wavelength of illumination.

2.1.2 Recombination and the effect of in-gap states

The addition of defects or impurities into a semiconductor can create localised electronic
states within the band-gap which introduce a myriad of new phenomena associated with
photoconductivity, such as persistent and negative photoconductivity. These in-gap levels
allow for a greater range of optical and thermal transitions, making both intrinsic and ex-
trinsic absorption possible and broadening the spectral response to photon energies lower
than the band-gap. Similarly in-gap states also change the possible transitions mediating
recombination. Consequently the addition of in-gap states can lead to both significantly
shorter or longer photocarrier lifetimes, which dramatically alters both the equilibrium
and non-equilibrium photoconductivity.

2.1.2.1 Traps and recombination centers

The addition of in-gap states introduces new optical transitions, shown schematically in
figures 2.2 and 2.3. Carriers can be excited into the conduction band directly from the
valence band or via an in-gap level. Excited carrier can also be captured by in-gap states.
In general the rate of capture R of free carriers with density n by a species of density N
can be expressed as

Rc = βnN, (2.5)

8



2.1. Photoconductivity

Figure 2.2: Possible electronic transitions when imperfections are present; optical ab-
sorption/excitations (solid) and recombination (dashed). (1) intrinsic absorption and
recombination from the valance band to the conduction band or vice-versa, (2) and (3)
extrinsic absorption and recombination from an imperfection to the conduction band and
valance band to an unoccupied imperfection respectively.

where β is the capture coefficient and can be expressed as the product of the capture
cross section S and the average thermal velocity v of the free carrier

β = Sv. (2.6)

If the capture leads to recombination then in equilibrium the rate of capture is equal
to the generation rate, Rc = G = n/τ . Therefore the capture coefficient and density of
capture centers can be used to calculate the average time a carrier is free before capture,

τ = 1/βN. (2.7)

Once a carrier is captured by an in-gap state there are two possible processes which can
subsequently occur;

1. The captured carrier can undergo recombination with a carrier of the opposite type
via the in-gap state.

2. The captured carrier can be thermally reexcited back into the conduction band,
after which it can then undergo recombination, or retrapping.

9



Chapter 2. Theoretical background

Figure 2.3: Possible electronic transitions when imperfections are present; (4) and (5)
capture and thermal reexcitation of holes and electrons respectively in trap states, (6)
and (7) capture of electrons and holes respectively at a recombination center.

When the second process dominates the in-gap states are referred to as traps. These
trapping centers capture and release carriers temporarily localising them, but don’t dir-
ectly mediate recombination. Whereas when the first is dominant the states are known as
recombination centers. This can quantified as follows; the rate of capture of free carriers
by the in-gap state is Rc = βcnN , and a rate of thermally activated detrapping can be
expressed as,

Rd = ntν exp(−Ea/kbT ) (2.8)

where nt is the density of trapped carriers, ν is the attempt to escape frequency, and ∆E
is the activation energy of detrapping. If Rc > Rd then the state acts as a recombination
center, and if Rc < Rd then it acts as a trap.

Typically the cross section is higher for recombination centers that for direct band to
band recombination. Consequently recombination centers are often the dominant chan-
nel through which electrons and holes recombine.

10



2.1. Photoconductivity

Figure 2.4: A schematic of the three possible potentials of a defect (a) an attractive
imperfection, (b) a neutral imperfection, and (c) a repulsive imperfection. Adapted from
Bube [31]

2.1.2.2 Charged defects

A key factor which determines the capture cross section β, and therefore the lifetime of
carriers, is the charge of a defect. Schematics of the three possible potentials of a defect,
attractive, neutral, and repulsive are shown in figure 2.4.

The capture cross section of an attractive defect can be estimated by assuming there is a
capture radius rc around an defect for which the probability of capture is 1 when r < rc

and 0 when r > rc for a free carrier of distance r away from the defect. rc can be defined
as the distance at which the coulomb potential is equal to the average thermal energy
kbT , this can be expressed as

rc = q2

4πεrε0kbT
. (2.9)

The capture cross section is therefore equal to

S = πr2
c = q4

16πε2
rε

2
0k

2
bT

2 . (2.10)

A slightly more complex approach is to define rc as the point the probability of an elec-
tron drifting into the center is equal to the probability of an electron diffusing away, i.e.
when vdrift = vthermal, however this only changes the result of 2.10 by a factor of 9

16 [32].
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Chapter 2. Theoretical background

For the opposite case of a coulomb repulsive defect there is an energy barrier ∆E which
must be overcome before a carrier can be captured, the thermally activated cross section
can be expressed as

S ∝ exp(−∆E/kbT ), (2.11)

2.1.2.3 Types of lifetime

In the absence of any in-gap states a single lifetime τ can be unambiguously defined.
This describes the characteristic time between generation and recombination of an elec-
tron hole pair. If there are no in-gap states electrons and holes can only exist in either the
conduction or valence band and are therefore delocalised and contribute to conductivity,
until recombination takes place.

However once in-gap states are introduced electrons and holes can be independently cap-
tured and consequently localised, without recombining. Two lifetimes can be defined to
describe these processes. Firstly the amount of time electrons or holes are in the con-
duction or valance band, before being localised either by recombination or capture by an
in-gap state, known as the free carrier lifetime. Secondly the total time between gener-
ation and recombination including the time carriers spend localised in in-gap states the
excited lifetime.

The free carrier lifetime of electrons and holes need not be equal, as the probability of
capture at an in-gap state can be different for electrons and holes. For example positively
charged in-gap states have a higher rate of capture for electrons. Consequently the free
carrier lifetime can be further divided into the individual free lifetimes of electrons and
holes. For generality these are typically referred to as the majority and minority carrier
lifetimes. Small minority carrier lifetimes can in fact dramatically increase the majority
carrier lifetime, by reducing the density of free minority carrier to recombine with ma-
jority carriers.

When measuring equilibrium photoconductivity it is the free lifetime of the majority
carrier that is measured.

12



2.1. Photoconductivity

2.1.3 Models of recombination

To predict the behaviour of photoconductors models of recombination with different in-
gap states can be constructed. In this section three commonly used models will be
outlined. Firstly a model of a semiconductor with no recombination centers, secondly
with one recombination center and thirdly a model with two types of recombination cen-
ter. The last of these is particularly relevant to experimental results presented in this
thesis.

2.1.3.1 No recombination centers

Firstly the simplest model of recombination, where no in-gap states are present, is con-
sidered. In this system two transitions are possible, electrons can be optically excited into
the conduction band, and recombine with a hole in the valence band. It is assumed that
no thermally excited carriers are present. Combining equations 2.2 and 2.7 the density
of photogenerated carriers can be expressed as

G = nβp. (2.12)

Since electrons and holes can only exist in either the valence or conduction band p = n,
therefore

G = nβp ∝ n2, (2.13)

this is often referred to as bimolecular recombination. Since n = Gτ this physically cor-
responds to the average lifetime decreasing as the generation rate increases, τ ∝ 1/

√
G

(γ = 0.5) a case of sublinear photoconductivity.

2.1.3.2 One center recombination

The next most complex model is to consider one recombination center, which is the
dominant recombination process. This leaves three possible transitions, optical generation
of electron hole pairs, capture of electrons at a recombination center and capture of holes
at a recombination center. The density of free electrons, free holes, and electron occupied
recombination centers can be expressed by three rate equations

dn/dt = G− nβn(Nrc − nrc), (2.14)

13



Chapter 2. Theoretical background

dnrc/dt = nβn(Nrc − nrc)− nrcpβp, (2.15)

dp/dt = G− nrcpβp. (2.16)

Where βn and βp are the capture coefficient of electrons and holes at the recombination
center, Nrc is the total density of recombination centers and nrc is the density of electron
occupied recombination centers. Using these equations and the additional condition that
the number of free electrons is equal to the number of free holes and the number of hole
occupied recombination centers. n = p + (Nrc − nrc), the number of free electrons as a
function of the generation rate can be expressed as

G = (Nrc −G/nβn)(n−G/nβn)βp. (2.17)

For a full derivation see Bube chapter 3 [32]. Assuming the capture of holes is favored
βn < βp, and that there is a sufficiently high excitation rate, then most recombination
centers are hole occupied, (Nrc − nrc ≈ Nrc). In this case the rate of recombination is
determined entirely by the rate of electron capture and equation 2.17 reduces to G ∝ n

producing linear photoconductivity in generation rate (γ = 1). This is typically known
as monomolecular recombination and corresponds physically to a lifetime τ that is inde-
pendent of the density of free carriers.

2.1.3.3 Two center recombination

A more complex model of recombination is one that considers two different types of re-
combination centers. One with a similar rate of capture for electrons and holes βp ≈ βn,
which will act as an efficient channel for recombination. The second, however, having
a much larger rate of capture for one type of carrier for example βn � βp. This this
often known as a sensitizing level. This difference in cross section can be achieved by
the sensitizing level being doubly negatively charged, making it attractive for holes and
repulsive for electrons, even after a hole has been captured. Sensitizing levels may behave
either as recombination centers or like traps dependent on the temperature.

A wide range of behaviours can be predicted within this model. For example if the
sensitizing level has a larger capture rate for the minority carrier this can lead to so
called imperfection sensitization, where an imperfection captures the minority carrier

14



2.1. Photoconductivity

Figure 2.5: A possible mechanism of negative photoconductivity using a two center model
with a sensitizing level (S) above the Fermi level (dashed red line) and a recombination
level (R) below. The movement of electrons is represented by a blue arrow. 1) an electron
is excited into the unoccupied sensitizing level, 2) the corresponding hole is captured by
the recombination center, 3) a free electron from the conduction band is captured by the
recombination center, 4) the electron in the sensitizing level is thermally excited back
into the conduction band.

thereby suppressing recombination and increasing the majority carrier lifetime, resulting
in a larger photoconductivity [33]. Another behaviour which can be explained with a two
center model is negative photoconductivity, a reduction in conductivity when illuminated.

Negative photoconductivity has been observed in several materials, such as GaAs [34–36],
Ge nanocrystals in Al2O3 [37], and graphene [38], although it is relatively uncommon. It
may seam that a reduction in conductivity could only originate from a suppression of the
mobility, however using a two center model it is possible to explain this by a reduction
in the free carrier density.

A photoinduced reduction in the carrier density can be described by a two center re-
combination model, with an unoccupied sensitizing level and an occupied recombination
center, this is shown schematically in figure 2.5. When illuminated, an electron can
be optically excited into the sensitizing level, leaving a hole behind in the valence band
(transition 1). The hole can then be captured by an efficient recombination center (trans-
ition 2) and subsequently recombine with an electron captured from the conduction band
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(transition 3). Finally the electron trapped in the sensitizing level can be thermally ex-
cited into the conduction band restoring the dark state (transition 4). A reduction in
carrier density occurs provided that the rate of thermal excitation of an electron from the
sensitizing level to the conduction band is smaller than the rate of capture of electrons
by the recombination center, i.e the rate of transition 4 is slower than transition 3. A
further condition is that the rate of hole capture is larger for the recombination center
than the sensitizing level βp,S < βp,R, so that the sensitizing level remains occupied with
an electron until it is thermal excited into the conduction band.

2.1.4 Non-equilibrium photoconductivity

The models of recombination described in section 2.1.3 assume an equilibrium between
generation and recombination has been reached, however this is often not the case, par-
ticularly if traps are present. There are two additional processes involved when traps are
introduced, filling the traps during the build up of photoconductivity and emptying the
traps during decay, both of which increase the time for equilibrium to be reached.

When minority carrier traps are present a slower build-up and decay of photoconductivity
will be observed, as these traps are filled and the photosensitivity increases. When illu-
mination has ceased these carriers must be detrapped before undergoing recombination.
If the activation energy of this process is small compared with the temperature the rate
of detrapping is low, this can lead to photoconductivity hours or even days [?] after the
light is switched off. When the lifetime of the majority carrier has been extended to these
timescale it is often known as persistent photoconductivity.

2.1.4.1 Persistent photoconductivity

Persistent photoconductivity is observed in a wide range of semiconductors, such as
GaAs [39], MoS2 [40], KTaO3 [41], and ZnO [42], particularly when a large density of
defect are present. Persistent photoconductivity occurs when the recombination of pho-
togenerated electrons and holes is suppressed, typically this can be explained in terms of
two processes. Firstly, as described above, the minority carrier can become trapped by an
in-gap state, required thermal excitation out of the trap before recombination to occur.
Secondly electron and holes can become spatially separated by an electric field within a
material, since they can only recombine in regions which they overlap both the majority
and minority carrier lifetimes can be increased. Charge separation if often the cause of
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persistent photoconductivity at interfaces and heterostructures [43–48]. However these
two origins are not necessary mutually exclusive, in some case both charge separation
and trapping are involved [49].

The simplest model of the decay of photoconductivity is one of single exponential decay

n(t) = n0 exp(−t/τ0), (2.18)

where n0 is the initial free carrier density and τ0 is the time constant which is assumed
not to be a function of time itself. The lifetime can be related to the rate of detrapping
of holes from a single trap state as follows

1/τ0 = Nvβpexp(−∆E/kbT ), (2.19)

where Nv is the density of states in the valence band, βp the capture coefficient of the
trap for holes, and ∆E is the depth of the trap with respect to the valence band. An
Arrhenius plot of ln(τ0) vs 1/T , has a gradient of ∆E/kb allowing the depth of the trap
to be determined.

The simple model of exponential decay is, however, rarely applicable in practice and the
decay is typically more complex. This could be due to strong re-trapping of carriers,
i.e. re-trapping at a comparable rate to recombination or to multiple trap levels with
different capture coefficient and rates of de-trapping. The most commonly used function
to describe these more complex decays of photoconductivity, is a stretched exponential.

2.1.4.2 Stretched exponential decay

The stretched exponential function can be expressed as

n(t) = n0 exp
((
− t
τ

)β)
(2.20)

Where n(t) is the number of free electrons at time t and n0 is the number of free elec-
trons at the point illumination is ceased. For consistency with the literature β will be
used to denote the stretching parameter in this thesis. This is not, however, the same as
the capture coefficient which is also commonly called β, to avoid confusion the capture
coefficient will always carry a subscript to denote the type or level of capture.

There are generally two interpretations of when stretching of an exponential decay would
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Figure 2.6: Stretched exponential decay for varying stretching parameter β = 1 to 0.2
(top), rate of decay (middle) and the rate relative to single exponential decay (bottom).
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Figure 2.7: An example of stretched exponential fits over time ranges varying from 25 to
600 seconds (top) and the extracted fitting parameters (bottom).
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arise, a serial process of sequential relaxations [50] or a parallel process of multiple decays
[51]. Another interpretation of this is a time dependent lifetime, defined as

τ0(t) = τβ · t1−β, (2.21)

Examples of a stretched exponential function for five stretching parameters β = 0.2, 0.4,
0.6, 0.8, and 1 (a normal exponential) are shown in figure 2.6, as well as the absolute rate
of decay and that with respect to a normal exponential decay. The stretched exponential
is characterized by an initially fast decay followed by a long tail of slower decay, the
smaller the value of the stretching parameter the more exaggerated this effect becomes.

Stretched exponential decays are found to make good fits to the data for persistent photo-
conductivity presented in this thesis, examples of fitting are shown in each of the relevant
sections. However one common theme found in this work, is that the fitting parameters
are dependent on the range over which the function is fitted. An example of data describ-
ing the decay in normalised conductivity from chapter 5 is shown in figure 2.7, with fit
ranges from 25 seconds to 10 minutes. Short fit ranges consistently over predict the rate
decay resulting in smaller values of τ and larger values of β, however after 300 second of
fitting these parameters do not change significantly.

2.1.4.3 Logarithmic decay and the charge separation model

Whilst the decay of photocarriers is most often fitted by a stretched exponential, it has
been suggested that this may be neither the best fit nor have an intuitive physical in-
terpretation, however an alternative model of logarithmic decay has been proposed by
Queisser et al. [49, 52,53].

This model was originally proposed for a thin (approximately 3µm) layer of n-type GaAs
on a highly resistive substrate of chromium doped GaAs. When illuminated electron
hole pairs are created in the top, n-type layer. The interfacial potential subsequently
spatially separates the photogenerated electrons and holes. Electrons remain near to the
surface in the layer where they were generated, delocalised and therefore contributing to
photoconductivity. In contrast holes diffuse into the substrate where they are captured
by traps and become localised. As traps in the substrate near to the n-type photoactive
layer are filled by holes, subsequently photogenerated holes must travel deeper into the
substrate before becoming trapped. This increase in current upon illumination is found
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Figure 2.8: Schematic of the Queisser model for photoconductivity in GaAs.a) Electron
hole pairs are created in the n-type layer at the surface, b) photogenerated hole diffuse
into the bulk Cr-doped GaAs and become trapped, c) holes near to the surface rapidly
recombine with electrons in the n-type layer, d) deeper (spatially) trapped holes remain
in the substrate taking much longer to recombine.

to be proportion to the logarithm of the dose of photons [54].

When illumination is ceased the reverse process occurs, recombination is initially rapid
as electrons and holes near to the surface recombine, however after the traps near to the
surface are emptied holes have to travel further, from deeper in the substrate before they
encounter an electron. This leads to an initially rapid decay of photoconductivity which
becomes continuously slower as time goes on. This is shown schematically in figure 2.8.

For a rectangular distribution of trapped holes the decay of photocurrent can be described
by

σ(t)
σ(t = 0) ∝ 1− α ln

(
t

τ0
+ 1

)
(2.22)

Where the constant α is proportion to the density of traps and the mobility of electrons.
The logarithmic decay described by equation 2.22 is also found to fit the data for persistent
photoconductivity in this thesis.
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2.2 Superconductivity and the Josephson effect

2.2.1 Superconductivity

Superconductivity was first observed by Kamerlingh Onnes in 1911, when he measured
the electrical resistance of mercury drop to < 10−5Ωs at 4.1 K [55], subsequently many
other metals such as lead and tin were also shown to exhibit perfect conductivity when
cooled below some critical temperature Tc. Once established, for example in a ring of
superconductor with a flux through it, a supercurrent can persistent almost indefinitely
without loss [56]. The complete absence of any D.C electrical resistance is not, however,
the only feature the superconducting state. Meissner and Ochsenfeld [57] later showed
that perfect conductivity was also accompanied by perfect diamangetism. They found not
only that an applied magnetic field would be excluded from a superconductor, as would
also be the case for a perfect conductor, but that a preexisting field would be expelled
from the superconductor as it is cooled through its critical temperature. In contrast
when field cooled a perfect conductor would do the opposite and trap the preexisting
field. Since expelling a magnetic field requires energy this implied that there will be some
critical field Hc, which exceeds the difference in free energy between the superconducting
and normal states and destroys superconductivity [58].

Superconductivity occurs in around half of all metallic elements, of which niobium has
the highest Tc at ≈ 9.2 K, as well as more complex materials such as the iron pnictides,
and cuprate families of superconductors with Tc’s as high as 130 K [59] (or 164 K under
pressure [60]). The maximum value of Tc was recently increased dramatically when
superconductivity was observed at temperatures as high as 203 K in hydrogen sulfide,
although with the not inconsiderable caveat of being under a pressure of ≈ 200 GPa [61].

2.2.1.1 Ginzburg-Landau theory

A phenomenological theory of superconductivity was developed by Ginzburg and Landau
in 1950 [62], based on Landau’s earlier work on second-order phase transitions [63].
Landau’s general approach to second order phase transitions had been to express the
free energy of a system with respect to some order parameter, which was zero above a
transition temperature and but non-zero below it, consequently breaking a symmetry
of the system. For example in the case of ferromagnetism the order parameter is the
magnetisation. This is zero above the Curie temperature where the spins are randomly
orientated, but has a non-zero value below the Curie temperature where the rotational
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symmetry of the system is spontaneously broken.

In the case of superconductivity the order parameter used by Ginzburg and Landau was
a complex, position dependent wavefuction ψ(r) = |ψ(r)|eiθ, where |ψ(r)|2 represents the
local density of superconducting electrons. The free energy of a superconductor can be
described, assuming that there are no magnetic fields, as

fs(T ) = fn(T ) + α(T )|ψ(r)|2 + β(T )
2 |ψ(r)|4 + ~

2m∗ |∇ψ(r)|2. (2.23)

Where fs and fn are the free energies of the superconducting and normal state respectively
and, α and β are phenomenological parameters. By minimising the free energy over all
space

− ~2

2m∗∇
2ψ(r) + (α + β|ψ(r)|2)ψ(r) = 0, (2.24)

is obtained, a full derivation of this result can be found in [64]. Equation 2.24 is particu-
larly useful for determining the behaviour of ψ(r) near to the surface of a superconductor.
Considering the case of a superconductor-metal interface located at x = 0 with the super-
conductor at values of x > 0 and setting the boundary condition of ψ(0) = 0, equation
2.24 yields,

ψ(x) = ψ0 tanh[x/
√

2ξGL(T )]. (2.25)

Where ψ0 is the values of the order parameter in the bulk and ξGL(T ) is defined as

ξGL(T ) =
√
~2/2m∗|α(T )|. (2.26)

This is known as the Ginzburg and Landau coherence length and describes the length
scale over which the order parameter returns to its bulk value at an interface, defect,
or some other suppression of superconductivity. Since the order parameter is defined as
ψ = |ψ|eiθ then in the ground state the phase of the wavefuction θ must be the same
everywhere in a superconductor, and a particular phase must be chosen. This appears
to break global electromagnetic gauge invariance, which is consequently often regard as
the symmetry broken in the transition to superconductivity. It has recently been argued
however, that it is merely the removal of the freedom for the relative phase between two
(or more) superconductors to vary arbitrarily, rather than global gauge symmetry break-
ing. For a more detailed argument see [65,66].
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2.2.1.2 BCS theory

In 1957, shortly after the Ginzburg-Landau theory, a microscopic description of super-
conductivity was given by Bardeen, Cooper, and Schrieffer [67]. This followed on from
work by Cooper in which he considered a pair of electrons added just outside the Fermi
level [68]. He was able to show that any finite attraction between a pair of electrons,
regardless of how weak, would cause them to form stable pairs (now known as Cooper
pairs). The bare interaction between electrons will, of course, be repulsive rather than
attractive, however if the interaction of electrons and phonons is included then an at-
tractive potential is possible, this was suggested as a mechanism of superconductivity
by Fröhlich [69, 70]. In a simplified picture of this an electron locally distorts the lattice
around it, but moves away far quicker than the lattice relaxes leaving a region of excess
positive charge which is attractive to a second electron. This electron-phonon coupling
explained the so called isotope effect [71, 72], where it was found that the critical tem-
perature of superconductors were typically inversely proportional to the atomic mass of
the isotopes used.

BCS realized that the whole Fermi surface would be unstable to the formation of Cooper
pairs and that they would form a condensate, similar to that of superfluid helium-3
(although not identical, for example see [64]). Schrieffer introduced a many particle
wavefuction for the condensate, with the BCS ground state having the form

|ψBCS〉 =
∏
k

(u∗k + v∗kP̂
†
k ) |0〉 , (2.27)

where |uk|2 + |vk|2 = 1 with |uk|2 and |vk|2 giving the probability of a state being empty
or occupied respectively, and the operator P̂ †k = c†k↑c

†
−k↓ creates a Cooper pair with

both a crystal momentum and a net spin of zero. By minimizing the total energy E =
〈ψBCS| Ĥ |ψBCS〉, the spectrum of excitations energies from the BCS groundstate can be
expressed as

E2
k = ξ2

k + ∆2
k, (2.28)

where ξk = εk − µ, εk is the energy of an electron relative to the Fermi level with mo-
mentum k and µ is the chemical potential, an example of this spectrum is shown in figure
2.9. These quasi-particle excitations, often known as Bogoliubons, have a superposition
of electron and hole character.
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Figure 2.9: The energy spectrum of excitation in the the normal state (green) and super-
conducting state (blue), as described by E2

k = ξ2
k + ∆2

k.

The parameter ∆ is the BCS gap, the gap in the density of single particle states on either
side of the superconducting condensate at the Fermi level. Since the gap is measured
from the Fermi level to the first single particle state an energy of 2∆ is required to excite
the two electrons in a Cooper pair. BCS found that, at absolute zero, the size of the gap
is ∆(0) = 1.76kbTc, this so called BCS gap ratio holds true for many superconductors.
Shortly after this Gor’kov used BCS theory to derive the Ginzburg-Landau equations and
showed that the order parameter ψGL could be interpreted as the condensate wavefunc-
tion and is proportional to the gap parameter ∆ [73]. The existence of a gap in the density
of states was confirmed experimentally by single electron tunneling experiments [74, 75].

2.2.2 Andreev reflection and the proximity effect

The proximity effect describes the diffusion of Cooper pairs from a superconductor into an
adjacent normal metal [58], resulting in the suppression of the order parameter near to the
interface on the superconducting side, and the emergence of an induced superconducting
gap near to the interface on the normal metal side (shown schematically in figure 2.10).
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Figure 2.10: The deviation of the order parameter ∆ (red line) from its bulk value ∆0
at a superconductor-normal metal interface. ξs and ξN refer to the superconducting and
normal coherence lengths respectively

The proximity effect is intimately linked to the process of Andreev reflection [76, 77],
which describes a mechanism for converting single electrons into Cooper pairs. This
can been illustrated by considering the the transport of charge across the S-N interface.
If an electron has an energy (relative to the Fermi level) greater than the gap then
it can enter the superconductor as a single particle state, but if the electron has less
energy than the gap then it cannot enter as a single particle as there are no available
states. One might imagine that this would simply lead to the (specular) reflection of
the electron back into the normal metal, however Andreev [78] showed that the electron
could enter the superconductor as a Cooper pair if a hole was simultaneously retro-
reflected (shown schematically in figure 2.11) [79]. This results in a transfer of 2e charge
across the interface. The retro-reflected hole carriers information about the phase of the
condensate back into the normal metal, the length scale over which it can maintain this
phase coherence is the normal state coherence length ξN which is equal to

ξN = ~vF
kbT

, (2.29)

ξN =
√
~DN

kbT
, (2.30)
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Figure 2.11: A schematic of the Andreev reflection of a hole and creation of a Cooper
pair at a S-N interface. Electron occupied states are in dark grey and unoccupied states
in light grey.

in the clean and dirty limits respectively. Where vf is the Fermi velocity and DN is the
diffusion length in the normal metal. This also describes (since Andreev reflection is the
mechanism) the length over which Cooper pairs can diffuse into a normal metal.

Blonder, Tinkham, and Klapwijk formulated a model for the transport across the interface
between a normal metal and superconductor with a barrier at the interface [80–82]. They
showed probability of Andreev and normal reflection are highly dependent on the interface
barrier size, if no barrier is present all electrons undergo Andreev reflection but as the
barrier hight is increased the probability of normal reflection becomes much larger. A
high transparency at the S-N interface is therefore critical for the proximity effect.

2.2.3 The Josephson effect

In 1962 Josephson predicted that a supercurrent would flow between two superconductors
separated by a thin insulating barrier even in the absence of an applied voltage [83, 84].
This was observed shortly afterwards by Rowell [85]. A simple derivation of the two
Josephson equations given by Feynman [86], (which is applicable regardless of material
or mechanism of coupling) is presented below.
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Suppose there are two superconductors separated by an insulating barrier thin enough to
allow some transport across it, as was the case in the original paper by Josephson. The
groundstate wavefuction of the superconducting condensate on either side of the barrier
are labeled as ψ1 and ψ2, and related to one-another by

i~
dψ1

dt
= U1ψ1 +Kψ2, (2.31)

i~
dψ2

dt
= U2ψ2 +Kψ1. (2.32)

Which is simply a time dependent Schrödinger equation for each superconductor, with
the energy of each of the condensates described by U1,2 and the coupling between them
by a constant K, a non-zero value of which allows the exchange of Cooper pairs between
the two superconductors. In the case of the energy on either side of the barrier being
equal U1 = U2 the Cooper pairs will be exchanged in both directions at an equal rate, i.e.
the net current would be zero. However supposing there is some bias voltage V across
the barrier then U1−U2 = qV . By fixing the zero of energy to half way between the two
superconductors then equations 2.31 and 2.32 become,

i~
dψ1

dt
= qV

2 ψ1 +Kψ2, (2.33)

i~
dψ2

dt
= −qV2 ψ2 +Kψ1. (2.34)

The wavefunctions ψ1 and ψ2 can be written in terms of the density of electrons on either
side of the barrier and the phase of each of the condensates, ψ1,2 = √ρ1,2e

iθ1,2 , where ρ is
the density of electrons. This can be substituted into equations 2.33 and 2.34 and solved
for the real and imaginary parts to obtain

ρ̇1 = 2
~
K
√
ρ1ρ2 sin δ, (2.35)

ρ̇2 = −2
~
K
√
ρ1ρ2 sin δ, (2.36)

θ̇1 = −K
~

√
ρ2

ρ1
cos δ − qV

2~ , (2.37)
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θ̇2 = −K
~

√
ρ1

ρ2
cos δ − qV

2~ . (2.38)

With the phase difference set to equal (θ2 − θ1) = δ for convenience. Assuming the two
superconductors are connected in a loop, such that neither side becomes charged and the
potential is kept constant, then the current across the barrier form side 1 to side 2 ρ̇1 (or
−ρ̇2), can be written as

I = Ic sin δ. (2.39)

Where Ic = 2K
~
√
ρ1ρ2 is the maximum supercurrent that can be supported by the junction.

This if often referred to as the D.C. Josephson equation. The second pair of equations
(2.37 and 2.38) can be combined to obtain

δ̇ = θ̇2 − θ̇1 = qV

~
, (2.40)

known as the A.C. Josephson equation. Equations 2.39 and 2.40 describe the general
behaviour of Josephson junctions. Firstly when there is no applied D.C. voltage a super-
current can flow across the junction which is dependent on the phase difference across it.
Secondly if a voltage is applied across the junction then the supercurrent will oscillate at
a frequency of

ω = 2eV
h
, (2.41)

since q = 2e for a Cooper pair. By applying radiation (typically microwave) this fre-
quency can be locked into, producing a series of steps in the I-V characteristics of the
junction, known as Shapiro steps [87]. Due to the fact the step size hω

e
depends purely

on the ratio of two constants, and the frequency of radiation, Shapiro steps are used as
the standard for a volt [88, 89].

An important fact that is made clear by this derivation is that the coupling constant K
is purely phenomenological, and the nature of the coupling is not important. Provided
that some process by which Cooper pairs, and therefore information about the phase of
the condensates θ1,2, can be exchanged is present the two Josephson equations will apply.

When Josephson originally considered two superconductors separated by an insulating
barrier (known as an S/I/S junction), the coupling mechanism was Cooper pair tunnel-
ing, however the barrier need not be insulating. If the superconductors are separated by
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Figure 2.12: A schematic the Andreev reflection of electrons and holes in a normal metal
sandwiched between two superconductors. Electron occupied states are in dark grey and
unoccupied states in light grey.

a metallic barrier (known as an S/N/S junction) then the coupling can be due to the
proximity effect and Andreev reflection.

Consider a situation similar to that discussed in section 2.2.2 but now with an additional
superconductor, such that there are two S-N interfaces back to back (shown schematically
in figure 2.12). An electron moving left to right joins the second superconductor as a
Cooper pair, reflecting a hole. This hole now moves right to left entering the first super-
conductor and reflecting an electron, this continues cyclically. If the distance between the
two superconductors L is comparable to the normal state coherence length ξN then the
phase information will be preserved and can be shared between the two superconductors
creating a Josephson junction. This is equivalent to there being a large overlap in the
proximity effects on the two S-N interfaces, allowing a supercurrent to pass through the
normal metal. The critical current will vary as

Ic = Ic0 exp(−L/ξN). (2.42)

Since ξN can be much larger than ξs these S/N/S junctions can have a much thicker
barrier, than the S/I/S case.
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Josephson junctions with non-tunnel-type conductivity (as opposed to tunnel junctions
in the S/I/S case) are often referred to as weak links [90]. As well as metallic S/N/S
junctions weak links can also be composed of a semiconducting barrier layer S/Sc/S
(discussed in more detail in chapter 6) or from superconducting material with a lower
Tc. This is often achieved by patterning a small bridge of superconductor to a size of the
order of the coherence length ξs with two large superconducting banks on either side.
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Chapter 3

Experimental Methods

This chapter outlines the experimental methods used in this thesis. In the first section
the nanofabrication of superconducting devices using electron beam lithography, optical
lithography, and focused ion beam etching is discussed. In the second section details of
the low temperature photoconductivity measurements are given.
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3.1 Nanofabrication

In this section the techniques and nanofabrication processes used to produce the devices
measured in chapter 6 are outlined. The devices are composed of two narrow wires (typ-
ically between 500 nm and 2 µm wide) of superconducting niobium (Nb) separated from
each other so that the current has to pass through the STO substrate, essentially a Nb
wire with a gap somewhere along its length, connected to contact pads so that a pseudo
four point measurement can be made. Figure 3.1 (left) shows an optical image of a device,
there are four 250 by 250 µm contact pads connected to two 1 µm wide wires separated by
a small gap, which is not visible at this magnification. A higher magnification scanning
electron microscope (SEM) image of an ≈ 400 nm gap is shown in figure 3.1 (right).

The first stage of fabrication is the growth of 50-75 nm thick films of Nb on mixed termin-
ation (100) STO substrates, by sputtering. This deposition was carried out by Angelo
di Bernardo at the department of material science and metallurgy, Cambridge university
and Daniel Chaney in the physics department, Bristol university.

Following the growth of the Nb films three routes were used to pattern devices. Firstly
a single stage of electron beam lithography (EBL) and reactive ion etching (RIE) in a
sulphur hexafluoride (SF6) plasma. Secondly one stage of EBL and RIE to define the
smallest features followed by optical lithography (OL) and RIE to make wires and contact
pads. Thirdly OL and RIE to create large features followed by focused ion beam (FIB)
etching to create the smallest features. In this section these techniques will be described
in more detail.

Finally once the fabrication of devices is complete samples are attached to a chip holder
and contacts made by aluminum wire (1% silicon) wedge bonding, these were then meas-
ured in a pumped 4He probe (both are outlined in section 3.2).

3.1.1 Electron beam lithography

The ability to create arbitrary patterns with sub-10 nm feature sizes makes EBL an im-
portant and widely used tool in nanofabrication. Patterns are created by coating a sample
with a polymer which is sensitive to electron beam irradiation, known as a photoresist.
The electron beam produced by an SEM can be used to create a pattern of exposure in
this photoresist, which can subsequently be developed in a solvent and used as a protect-
ive mask for etching.
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Figure 3.1: (left) An image from an optical microscope of a device, the yellow/green
colour is due to a filter on the microscope used in order not to develop resist. (right) An
SEM image of the gap in the center of a device with a nominal gap of ≈ 400 nm.

Broadly speaking two types of photoresist exist; positive photoresists which become more
soluble in the developer solution when exposed and negative photoresists which become
less soluble. This change is solubility is brought about by breaking (for positive) or cross-
linking (for negative) the polymers of photoresist. Both positive and negative photoresists
are used in this work.

A basic outline of the fabrication process using a negative photoresist from start to finish
is shown schematically in figures 3.2 and 3.3. The steps are;

1. Niobium is deposited on STO by sputtering.

2. Photoresist is spin-coated on the surface.

3. The photoresist is pattered by EBL, and unexposed resist removed by the developer.

4. The sample is etched in a SF6 plasma.

5. The remaining resist is removed.
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Figure 3.2: A schematic outline of the fabrication process used to make devices, with
STO in blue, Nb in silver, and photoresist in red. Steps 1 and 2 represent sputtering of
niobium and spinning photoresist respectively. Not to scale.
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Figure 3.3: A schematic outline of the fabrication process used to make devices, with
STO in blue, Nb in silver, and photoresist in red. Steps 3, 4 and 5 represent patterning
with EBL, etching and resist removal respectively. Not to scale.
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The majority of devices fabricated during the course of this work were made using Zeiss
EVO SEM with a Raith ELPHY Quantum Plus interface to allow EBL writing. However
later in this work a Raith Voyager dedicated EBL system became available, allowing
smaller features to be produced. Consequently two EBL procedures were developed to
make devices. Firstly the two step EBL-OL process using the ELPHY quantum system
is outlined, followed by the one step process using the Voyager system which was used in
the later stages of this work.

3.1.1.1 Two step process-ELPHY Quantum system

Initially devices were fabricated in a single step of EBL using the negative photoresist
Ma-N 2400, as shown in figures 3.2 and 3.3. This single stage process had the advantage
of being simple however the smallest device size was around 250 nm and results were
inconsistent, possibly due to fluctuations in the beam current. Consequently a two step
process of EBL and OL was developed. In the first step thin trenches (nominally ∼
100 nm) were made in the positive photoresist poly(methlymethacralate) (PMMA) and
etched into the Nb film, then a second step of optical lithography (see section 3.1.2)
defined contact pads and a wire which ran over the trench, resulting resulting in a wire
with a small gap.

Because the first step of this process could be targeted entirely towards high precision,
without the compromise require when also making wires and contact pads, higher res-
olution structure to be created. For example, because the area of the trenches is small
the write time is very short (approximately 1 second compared to 10 minutes for a full
device) meaning that drift in the beam current is negligible and the dose more accurate.
Furthermore as only a small trench had to be defined in the PMMA rather than the
whole device a 50 by 50 µm instead of a 1 by 1 mm write-field could be used, which
resulted, for the same exposure dose, in trenches which were about 50 % smaller. A dose
test for nominally 100 and 50 nm trenches is shown in figure 3.4, the smallest measured
trench width was 100 ± 10 nm, significantly smaller than could be achieved for a single
step process.

A critical aspect of this process for achieving 100 nm features is the use of cold devel-
opment [91, 92]. High resolution structures in PMMA are typically developed in a 1:3
mixture of methyl-iso-butyl-ketone (MIBK) and IPA, at room temperature. Recently,
however, Cord et al. [93] showed that the optimum temperature for developing was -15
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Figure 3.4: A dose test for trenches of nominal width 50 and 100 nm, written in PMMA
at 30 kV. This was etched into 50 nm Nb on STO

◦C, observing minimum features sizes approximately twice as small as when developed
at 15 ◦C. During exposure PMMA undergoes many chain scissions making the polymers
gradually smaller and more soluble as the dose is increased, but at low temperatures the
development of all but the smallest fragments is frozen out. This means that partially
exposed areas of resist, such as at the edge of the pattern are not removed by the de-
veloper, resulting in smaller and higher contrast features. This is particularly useful at
low accelerator voltages (such as the 30 kV used here) where the spot size of the beam is
typically broader.

The optimised recipe used to create devices is given below;

1. Clean: Soak in acetone overnight followed by rinses in isopropyl (IPA) and deion-
ized (DI) water.

2. Spin: 950KDa PMMA A4, spun at 4000 rpm for 45 seconds to produce a thickness
of 200 nm.

3. Bake: 180 ◦C on a hotplate for 60 seconds.

4. Exposure: Exposure dose of 400-500 µCcm−2 with a 30 kV beam, 50 pA current.
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Figure 3.5: Measured vs nominal gap widths for a dose of 160 and 180 µCcm−2. This
was etched into 50 nm Nb on STO.

5. Development: MIBK:IPA 1:3 at -15 ◦C for 8 minutes, rinse in -15 ◦C IPA then
room temperature DI water.

To account for the slower rate of development at lower temperature both a longer devel-
opment time and a higher exposure dose were used. This was found to produce smaller
features than just increasing the dose or development time individually.

3.1.1.2 One step process-Voyager system

Later on in this work a Raith Voyager dedicated EBL system became available, and a
new fabrication procedure was developed. There were a number of advantages to this
dedicated EBL tool over an SEM retrofitted with an EBL interface. For example the 50
kV beam had a smaller spot size and the beam current could both be measured more
accurately and was found to be more stable over the write time (≈ 3 hours). Write-fields
could be stitched together with an error of only a few nanometers, meaning the whole
device could be written over multiple smaller write-fields. As well this, high resolution
features could be written at a larger beam current increasing the throughput, meaning
than more devices can be made on a single sample (typical 12, as opposed to 4) increasing
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Figure 3.6: An SEM image of a ≈ 60 nm device fabricated using the Raith Voyager.

the chance of successful fabrication. These advantages meant that is was possible to make
significantly smaller devices with minimum feature sizes of ∼ 50 nm.

A one step process using the negative photoresist ma-N 2403 was used to make the
devices. In this process two rectangles with a small spacing had to be exposed to create
a wire with a gap in it, because they are close together electrons backscattered from the
substrate lead to some undesired exposure in the gap. The Raith NanoPECs software was
used to perform a proximity effect correction, which adjusted the dose factor along the
wire to account for this additional dose allowing more homogeneous gaps to be created.
Gaps as small as 50 nm in 1 µm wide wires and 50 nm thick Nb films were fabricated
using this method. An example of nominal vs measured widths for dose factors of 0.8 and
0.9 (base dose of 200 µCcm−2) is shown in figure 3.5. The recipe used to create devices
is given below;

1. Clean: Soak in acetone overnight followed by rinses in isopropyl (IPA) and deion-
ized (DI) water.

2. Spin: ma-N 2403 (micro resist technology), spun at 5000 rpm for 45 seconds to
produce a thickness of 200 nm (for the highest resolution) or 3000 rpm for 45 seconds
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to produce a 300 nm thickness (for higher etch resistance).

3. Bake: 90 ◦C on a hotplate for 60 seconds.

4. Exposure: Exposure dose of 160 µCcm−2 with a 50 kV beam. A current of 200
pA was used for small features and 2 nA for large features.

5. Development: MF-319 60 seconds at room temperature, rinse DI water.

3.1.2 Optical lithography

Optical Lithography uses the same basic principle as EBL; a photoresist is coated on the
sample, and a pattern is exposed and developed, which can then be used as a mask for
etching or lift off deposition. Rather than using an electron beam to draw out a pattern
the sample is exposed to UV light through a mask which blanks out the desired regions.
Although the smallest features that can be defined (around 1µm) are much larger than
in EBL the process of exposing a sample is much quicker. This makes OL particularly
useful for large area exposures (such as contact pads) because the whole sample is flooded
with light simultaneously (expect for the parts covered by the mask), so the time taken
for exposure is not proportional to the area being exposed. Consequently contact pads
can be exposed in a few minutes compared to hours in EBL.

In this work optical lithography was used in two processes. Firstly it was used to create
contact pads and wires for devices which had a trenched etched in them (see section
3.1.1.1). Secondly for devices which subsequently had a gap etched in the wire with FIB
milling (see section 3.1.3), the mask used for this is shown in figure 3.7. The design
consists of a central 2 µm bar with current and voltage contacts connected to it, this
allowed 14 devices to be patterned on a single sample.

Optical lithography was performed using a Karl Seuss mask aligner and microposit S1805
a positive photoresist. An additional process which is not required in EBL is the removal
of the edge bead, a thicker rim of photoresist which accumulates at the edge of the sample
when the resist is spun. This is important as a good contact has to be made between the
photoresist and the Cr layer on the glass mask for smaller features to be resolved, and
the edge bead causes the mask to sit several microns above the rest of the resist. This is
done in two stages, firstly the thickest part of the edge bead is manually removed with
a foam swabs suitable for use in a cleanroom. Secondly an exposure is performed with
square mask is to leave a 4 mm by 4 mm square of flat photoresist. The optimized recipe
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Figure 3.7: The mask design used for patterning the FIB-OL devices, the central features
are ∼ 2 µm. The total size of the mask is 4 mm by 4 mm.

used to pattern samples is given below;

1. Clean: Acetone overnight followed by rinses in isopropyl (IPA) and deionized (DI)
water.

2. Spin: S1805 (microposit) spun at 4000 rpm for 45 seconds to create a 500 nm thick
layer.

3. Bake: 115 ◦C for 60 on a hotplate.

4. Manual edge bead removal: the thickest resist at the corners of the sample is
removed with acetone and a foam bud.

5. Exposure 1: 300 seconds, 4 mm by 4 mm square to remove the remaining edge
bead.

6. Development 1: MF-31 for 30 seconds at room temperature, rinse in DI water.

7. Exposure 2: 120 seconds, contact pads and wires.
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8. Development 2: MF-31 for 45 seconds at room temperature, rinse in DI water.

3.1.3 Etching

After photoresist masks have been patterned onto the samples either by OL or EBL the
final stage of fabrication is etching. Two techniques were used to achieve this, reactive
ion etching (dry etching) was used in the vast majority of cases, however for samples
with a niobium/aluminum bilayer (see section 6.3.1) an additional step of chemical (wet)
etching was required. The same apparatus (an Oxford Instruments plasmalab 100) was
used to created thin layers of oxygen vacancies at the surface of STO by Ar+ irradiation,
used in section 4.3, so is also outlined here.

3.1.3.1 Dry Etching

Reactive ion etching combines both chemical and physical etching processes by accel-
erating a reactive plasma towards a sample, removing material both by sputtering and
chemical reaction. In this work a sulphur hexafluoride (SF6) plasma was used, with a
low pressure to create an anisotropic etch profile and avoid undercutting the edges of the
pattern. The recipe used is given below;

• Gas : SF6 (100 %)

• Flow rate: 5 sccm

• pressure: 10 mTorr

• temperature: 40 ◦C

• Power: 50 W

• Time: 2-3 minutes (dependent on thickness)

3.1.3.2 Wet etching

Whilst Nb and Ti films can be efficiently etched in an SF6 plasma, Al cannot and in fact
is often used as a hard mask for etching silicon with SF6 [94, 95]. In a small number of
samples a thin (5 nm) layer of Al need to be etched, so instead of a plasma of SF6 a
1:1 DI water:tetramethylammonium hydroxide (TMAH) wet etch was used, after the Nb
had been removed by RIE. Samples were submerged for ≈ 30 seconds, then rinsed in DI
water.
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Figure 3.8: R(T )s of Ar+ irradiated STO for three irradiation times.

3.1.3.3 Argon milling of STO

In addition to the etching of devices the Oxford Instruments plasmalab 100 was used to
mill the surface of STO with Ar+ ions in order to create a thin (≈ 20 nm has previously
been reported [96]) layer of oxygen vacancies, which act as shallow donors and make
the surface conducing. The density defects can be controlled by the time of irradiation,
R(T )s for 30, 45, and 60 seconds are shown in figure 3.8. The recipe used to create these
samples is as follows;

• Gas : Ar (100 %)

• Flow rate: 25 sccm

• pressure: 50 mTorr

• temperature: 25 ◦C

• Power: 300 W

• Time: 30, 45, 60 seconds (R(T )s are shown in figure 3.8)
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Figure 3.9: An example of a gap, milled by FIB. Damaged STO can be seen around the
gap where the edges of the wire have been milled.

3.1.4 Focused ion beam etching

Focused ion beam etching, allows mask-less etching of nano-scale features. An FIB works
on a similar principle to an SEM, however rather than an electron source a liquid gal-
lium source is used to emit a beam of positively charged Ga+ ions, which are accelerated
towards the sample [97]. These ions are either implanted or sputter material away from
the surface, allowing small features to be milled.

Samples were first patterned by optical lithography using the mask shown in figure 3.7
and etched in an SF6 plasma, leaving a central 2 µm Nb wire with 31 contacts. A series
of cuts with progressively longer times were made across this central bar with a FIB,
this was performed by Dr James Darnbrough in the Interface Analysis Center, university
of Bristol on a dual beam FIB/SEM. An SEM image of a test cut is shown in figure
3.9. On either side of the wire in the top half of the image the substrate looks visibly
different, this region around the gap has also been milled to prevent redeposited "ears"
of Nb shorting the devices. A potential downside to this, however, is the implantation
of Ga+ ions, contaminating the surface. Gaps as small as 60 nm were created using this
method.
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3.2. Low temperature measurements

3.2 Low temperature measurements

Figure 3.10: An image of an aluminum wedge bond contact on an STO sample, typically
more than one contact was made for redundancy. 25 µm 1% silicon aluminum wire was
used.

Samples were attached to a chip holder using electrically insulating General Electric
(GE) varnish and electrical contacts made so that four-point, current biased, resistance
measurements could be performed. A number of methods of making electrical contacts
to STO samples were tried including indium, silver paint as well as deposited contact
pads such as sputtered chrome/gold, titanium deposited by pulsed laser deposition and
direct laser ablation. However aluminum ultrasonic wedge bonds were used in this thesis
as they were found to reliably produced low resistance ohmic contacts, an example is
shown in figure 3.10

3.2.1 Asahi spectrum LAX-C100

Illumination was provided by a xenon lamp (Asahi spectrum LAX-C100), and custom
made fiber-optic cable with a vacuum feed-through. The xenon lamp produces a broad
spectrum of light from UVB to infrared (IR), which is passed through a mirror module
to cut the spectrum of light and reduce heating. The spectra produced by the IR and
UVA modules used in this work are shown in figure 3.4 (top and middle).
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Figure 3.11: The relative intensity of the spectra produced by the UVA mirror module
(top) and the IR mirror module (middle), and the transmittance of a 330 nm BPF
(bottom). These data were supplied by Asahi Spectrum.
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Figure 3.12: An example of a lamp calibration carried out using a Thorlabs S120VC
sensor and power meter.
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Figure 3.13: (top) Calculated normalised cumulative absorption as a function of depth
into the sample and (bottom) data for the absorption coefficient replotted from references
[98,99]
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The wavelength of the light was controlled by the use of band pass filters (BPF), which
have a FWHM of ≈ 10 nm. An example of the transmittance of a 330 nm BPF as a
function of wavelength is shown in figure 3.4 (bottom). 310, 330, 350, 370, 380, 390, 410,
430, and 450 nm BPFs were used in this work. The intensity of the light was attenuated
by an internal filter, nominally between 5 % and 100 %. In addition to this 1 % and 12 %
neutral density filters (NDFs) could be added to reduce the intensity further. By comb-
ing two 1 % NDFs power densities as low as ≈ 0.1 nWcm−2 could be achieved, wheres
with no NDFs or BPFs the power density can be as high as 3 mWcm−2. An example
of a calibration of the lamp over the range of BPFs and NDFs as a function of nominal
lamp intensity is shown in figure 3.5. Intensities were measured using a Thorlabs S120VC
silicon photodiode sensor.

Since the absorption in STO is dominated by direct transitions the penetration depth of
the light is strongly dependent on the wavelength. Using data for the absorption coeffi-
cient α below 100 K from Cohen et al. [98] and Capizzi et al. [99] in nominally pure STO
the profile of absorption can be calculated. The absorption coefficient and normalised
cumulative absorption of the light is shown in figure 4.6. Using the range of wavelengths
described above it is therefore possible to tune between creating carriers within the first
few 10s nm at the surface to almost homogeneously in the bulk 0.5mm thick sample.

3.2.2 The pumped 4He system

The majority of transport measurements presented in this thesis were performed using
a custom built pumped 4He probe, with the exception of the data presented in section
4.2.2. Details of this probe are given below.

The chip carrier holding the sample was mounted onto a gold plated oxygen free copper
experimental stage situated within a vacuum can, facing upward so that it could be
illuminated. A silicon diode thermometer and constantan wire heater were situated close
to the sample allowing the temperature to be monitored and controlled by a lakeshore
336. A fiber-optic bundle runs through the central axis of the probe and stops around
100 mm above the sample. Before cooling the pressure inside the probe was reduced
to around 10−5 mbar with a turbo pump. The probe was then lowered into a bath of
liquid helium at 4.2 K. Temperatures below this are achieved by use of a 1 K pot, a small
reservoir of helium inside the probe which when pumped on reduces the temperature to as
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Figure 3.14: 3He-4He mixture phase diagram, based on a similar figure in Pobell [100].

low as 1 K. The helium pumped away is replenished via a small capillary connected to the
main bath, the impedance of which results in a trade off between base temperature and
cooling power. Due to the need for as much cooling power as possible when the sample
is illuminated with high intensity light a low impedance capillary was used, consequently
the lowest base temperature achieved was around 3 K. To allow for the fiber-optic bundle
to run through the middle the 1 K pot is toroidal in shape. To reduced the magnetic field
inside the probe a µ-metal shield is used when superconducting devices were measured.

3.2.3 The dilution fridge

To access still lower temperatures an Oxford instruments Kelvinox 3He-4He dilution re-
frigerator was used. The phase diagram of 3He-4He mixtures is shown in figure 3.14.
Below 0.87 K certain concentrations are immiscible (blue shaded region of figure 3.14)
and the 3He-4He mixture undergoes phase separation into a 3He rich phase and a 4He
rich phase. The 3He rich liquid is lighter so floats on top of the 4He rich phase. As the
temperature is reduced to absolute zero the 3He rich phase becomes pure 3He, however
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Figure 3.15: A schematic of the flow of mixture in a 3He-4He dilution refrigerator.
Adapted from Pobell [100].

a non-zero 3He concentration remains in the 4He rich phase. If 3He is removed from
the dilute phase, 3He from the rich phase will replenish it, and cooling is provided by
the difference in enthalpy between the rich and dilute phase. This process take place in
the mixing chamber of a dilution fridge, shown schematically in figure 3.15. The mixing
chamber is connected to a still which is heated to around 0.7 K to distill the 3He from
the mixture, which is then recirculated.

To maximize the cooling power and allow optical access the sample stage was mounted
directly on the mixing chamber. Using this set up a temperature of ≈ 150 mK could be
achieved and when illuminated with a power < 10 µWcm−2 a temperature of ≈ 200 mK
could be maintained. The same fiber-bundle and xenon lamp as described in the previous
section was used to illuminate the sample.

53





Chapter 4

Photoconductivity in Strontium
Titanate

In this chapter results are presented for the equilibrium and transient photoconduct-
ivity in stoichiometric SrTiO3 and SrTiO3−δ. Firstly low temperature (4-55 K) meas-
urements of photoconductivity in nominally stoichiometric STO are presented and the
possible mechanism behind the large photoconductivity is discussed. Next low temper-
ature measurements (200 mK - 5 K) are presented, reveling the emergence of persistent
photoconductivity below 1 K. Lastly the non-equilibrium photoconductivity of SrTiO3−δ

fabricated by argon irradiation is outlined, showing not only the persistent photoconduct-
ivity previously observed in bulk SrTiO3−δ but also transient negative photoconductivity.
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4.1 Background and motivation

Undoped, STO is an insulator with a wide band-gap of ≈3.2 eV [1, 2]. By doping with
niobium, lanthanum, or oxygen vacancies a metallic state can be achieved [24] and at a
carrier density as low as 5×1017 cm−3 superconductivity emerges [9,10]. An alternative to
creating carriers by chemical doping is photoconductivity. When illuminated with above
band-gap light electron hole pairs are generated, the electrons are found to be itinerant
with mobilitys as high as 104 cm2V−1s−1 [22, 23], comparable to the highest mobility
observed in chemically doped STO [24]. In contrast the holes are found to be localised,
and not contribute to conductivity [25, 101]. Photocarrier doping can therefore be used
as a tool to add electrons directly into the conduction band. The carrier density can be
tuned continuously to > 1018 cm−3 [102], furthermore by changing the wavelength the
depth of photogenerated carriers can also be adjusted, from inducing carriers throughout
the bulk of the sample to a thin sheet at the surface.

The key property that makes photocarrier doping a viable alternative to chemical dop-
ing in STO is the sheer size of the increase in conductivity which can be induced with
light, typically more than 10 orders of magnitude at ≈ 20 K [21]. Changes this large are
possible due to the long lifetimes, and consequently large carrier densities for a given gen-
eration rate, of photogenerated electrons. The lifetime has been found to increase rapidly,
typically by several orders of magnitude, at low temperatures ubiquitously in previous
measurements of photoconductivity [22, 25, 28, 101, 103–105]. However the temperature
at which this is observed ranges from 35 to 105 K and the origin of the long lifetime
of photogenerated electrons at low temperatures is debated. One mechanism which has
been suggested is holes becoming trapped by in-gap states created by impurities such as
chromium [101] or strontium vacancies [105]. However the increase in lifetime has coin-
cided with cubic-tetragonal phase transition in some works [21,103], leading the authors
to argue this may also contribute to suppressing recombination.

Along with extrinsic states such as defects and impurities, the role of intrinsic self-trapped
polaron states is also thought to be important in the recombination of photocarriers in
STO. These self-trapped polaron states are quasi-particles composed of an electron or hole
and a localised deformation of the lattice (for a recent review see [106]). In nominally
pure STO a green luminescence band emerges below 50 K [96, 107] with a lifetime of ≈
10 ms, which has been attributed to the recombination of electrons and holes in the form
of a localised self trapped exciton (STE) [108]. More recently there have been several ob-
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servations of photoexcited electrons and holes relaxing into localised self trapped polaron
states before recombining [109–114]. Okamura et al. [115] and Mizokawa et al. [116] both
found a high density of in-gap states appearing only after photocarrier generation and
found that the majority of the photocarriers were trapped in these states. The influence
of this self trapping on the photoconductivity in STO has yet to be established.

Recently several studies have shown that persistent photoconductivity is found in SrTiO3–δ.
This was first observed in room temperature measurements of photoconductivity by Tarun
et al. [117] in 2013. The authors annealed nominally stoichiometric STO at 1200 ◦C in
vacuum with an excess of strontium oxide power, resulting in a metallic sample with a
carrier density of 5× 1015 cm−3. This was found to broaden the spectral response of the
STO, with a threshold for absorption shifting from 3.2 eV (the band-gap) to 2.9 eV (430
nm photon energy), and was unaffected by mechanically polished the sample indicating
the defects responsible were in the bulk rather than surface. When illuminated with 405
nm light the carrier density was increased to 8 × 1018 cm−3, and when the light was
switched off the photoconductivity was found to persist with a lifetime in excess of five
days, an example of extremely long lived persistent photoconductivity. Even heating to
426 K was not sufficient to return the sample to its dark conductivity. From positron
lifetime measurements the authors attributed the long lived persistence to titanium oxy-
gen vacancy pairs or (in a later work by the same authors) titanium vacancies possibly
forming a complex with hydrogen impurities [118]. Subsequently, in a work by the same
group, Poole et al. [119] found persistent photoconductivity in STO annealed in water
vapor at 1200 ◦C and proposed that oxygen vacancies and hydrogen impurities were re-
sponsible.

Bridoux et al. [120] also observed persistent photoconductivity in thermally annealed
SrTiO3–δ, again attributing it to titanium oxygen vacancy pairs. More recently Snijders
et al. [121] systematically annealed STO in various environments. The longest lived per-
sistent photoconductivity was observed when silicon impurities, derived from the quartz
ampoule, were present in the sample (confirmed by X-ray photoelectron spectroscopy
measurements), but the lifetime was also found to be dependent on the density of oxygen
and titanium vacancies. The origin of persistent photoconductivity in SrTiO3–δ is still,
therefore, not fully understood.

In this chapter results are presented of a systematic study of the low temperature pho-
toconductivity of both nominally stoichiometric STO and SrTiO3–δ.
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4.2 Nominally stoichiometric STO

In this section results are presented for the photoconductivity of nominally stoichiometric
STO, studied systematically using the illumination intensity to tune the carrier density
and wavelength to tune the depth over which carriers are created. Firstly in section 4.2.1
measurements of photoconductivity between 4 and 55 K are outlined, secondly in section
4.2.2 results are presented for measurements at temperatures as low as 200 mK, an as
yet unexplored temperature range.

Using data for the optical absorption coefficient form Cohen et al. [98] and Capizzi et
al. [99] the penetration depth of the light at the central wavelength of the five bandpass
filters used in this section was calculated, this is shown in table 4.1. The penetration
depth can be used as a guide to the thickness of the induced sheet of electrons and to
tune between bulk like behaviour at 370 nm to surface sensitive behaviour at 310 nm. The
results presented in each subsection were taken using a single sample of mixed termina-
tion (100) STO, however qualitatively similar results were also found in other samples.

Table 4.1: Optical penetration depth (at the central wavelength) for the five wavelengths
of light used. The data for the absorption coefficient α, is taken from Cohen et al. [98]
and Capizzi et al. [99].

λ (nm) Ephoton (eV) α (cm−1) penetration depth
310 4.00 2.77 × 10−1 31 nm
330 3.76 1.34 × 103 110 nm
350 3.54 3.94 × 104 250 nm
370 3.35 9.35 × 104 7.5 µm
380 3.26 3.28 × 105 36 mm

4.2.1 The photoconductivity of STO

The spectral response of photoconductivity as a function of temperature for two powers
(0.5 µWCm−2 and 50 µWCm−2), is shown in figure 4.1. A sharp cut off of photocon-
ductivity is observed at the band-gap with no measurable photoconductivity found when
illuminated with 390 nm light, in agreement with previous measurements [25]. The pho-
toconductivity is largest at 370 nm and becomes progressively smaller as the wavelength
decreases. One possible cause of this is a lower mobility in thiner sheets of photocarriers
due to enhanced surface scattering. Kozuka [23] found the mobility to be around twice
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Figure 4.1: R(T )s as a function of wavelength (top left) and power (top right). The
spectral response of photoconductivity as a function of temperature (bottom left) and
power (bottom right) at T = 10 K. A relative power of 100 corresponds to 50 µWCm−2.

as large at 370 nm compared with 310 nm, which would be insufficient to explain the
difference between photoconductivity at 310 nm and 370 nm observed here. More rapid
recombination at the surface due to the presence of fast recombination centers is typ-
ical for photoconductors [122], which could also explain the lower photoconductivity for
shorter wavelength illumination. Transient measurements of photoconductivity, shown
in figure 4.3 (bottom left), do indeed show a faster decay in photoconductivity when 310
nm light is used to illuminate the sample compared with 370 nm, indicating the presence
of fast recombination centers which decrease the lifetime at the surface. It is possible
that a combination of both lower mobility and lifetime contribute to the smaller photo-
conductivity observed at shorter wavelengths.

The photoconductivity induced by 380 nm light does not, however, follow this trend
showing a lower photoconductivity than 370 nm illumination. The penetration depth
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Figure 4.2: Photoconductivity normalised to T = 10 K, as a function of temperature
(green circles) using a lamp power of 100 µWCm−2 and wavelength of 370 nm, and data
taking using the same conditions by Kozuka [22](purple triangles).

of 380 nm light is larger than the thickness of the sample meaning that a significant
proportion of light will simply pass through, therefore for the same flux of photons fewer
carriers will be generated.

R(T )s were also measured, shown in figures 4.1 and 4.2. Between 5 and 25 K the res-
istance was found to increase by approximately one order of magnitude irrespective of
the wavelength or intensity of the light used to illuminate the sample. This is consistent
with measurements made by Kozuka [22] who previously showed that this change was
caused by a decrease in mobility from ≈ 104 cm2V−1s−1 to 103 cm2V−1s−1 over this tem-
perature range. A direct comparison of the photoconductivity normalised to 10 K, when
illuminated with 370 nm, 100 µWCm−2 light is shown in figure 4.2. The data obtained
in this work is in good agreement with that of Kozuka [22], and shows a large increase
in resistance centered at ≈ 35 K, which Kozuka showed was due to a reduction in the
carrier density by approximately two orders of magnitude.

60



4.2. Nominally stoichiometric STO

A large decrease in resistance at low temperatures of between two and four orders of
magnitude has been ubiquitously observed in measurements of photoconductivity in
STO [25,28, 101,103–105], although both the mechanism and temperature at which this
occurs are debated. Katsu et al. [103] found that the photoconductivity increased by
approximately three orders of magnitude between 100 and 30 K. The onset of large pho-
toconductivity coincided with cubic tetragonal phase transition, suggesting that this may
be important. Later Ishikawa et al. [104] observed an isotope effect, comparing the pho-
toconductivity of SrTi16O3 and SrTi18O3. They found that SrTi18O3 did not show large
photoconductivity at low temperature and argued that this was due to its ferroelectricity
increasing the rate of recombination [25].

On the other hand several authors have suggested that the origin of the long lived pho-
togenerated electrons is the trapping of holes in sensitizing levels, where the cross section
for hole capture is much larger than the cross section of electron capture, βp � βn. Con-
sequently for recombination to take place, either the holes would have to be thermally
reexcited into the valance band or recombine directly with electrons in the sensitizing
level. At low temperature both of these processes have a low probability and therefore
recombination is suppressed. Strong evidence for this hole trapping scenario has been
provided by both Feng [101] and Osawa et al. [105], both having shown that the increase
in photoconductivity at low temperatures could be completely removed when the samples
are illuminated simultaneously with UV and IR light. These authors have argued that the
IR light causes optical quenching, optically reexciting holes back into the valence band
leading to recombination with electrons. At higher temperatures the photoconductivity is
not suppressed by the IR light, which indicates the transition to large photoconductivity
at low temperature is due to the onset of hole trapping.

Feng [101] found that the increase in photoconductivity occurred between 60-80 K, in-
creasing with higher illumination powers and suggested that this was due to the presence
of a sensitising level thought to be due to chromium impurities in the sample. More re-
cently, however, both Kozuka [22] and Osawa et al. [105] have observed the sharp increase
in conductivity at around 35 K, consistent with the data presented here. Furthermore
in contrast to Feng, Kozuka showed that the temperature at which this occurred did not
have a significant dependence on the wavelength or intensity of light used to illuminate
the sample. Together these results imply the 35 K transition to large photoconductivity
may an intrinsic property STO.
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Figure 4.3: Sheet conductance as a function of photon flux for 310 nm and 370 nm light
at T = 10 K (top). Linear fits are shown (dashed lines), which yield γ = 0.94. The decay
in photoconductivity after the shutter was closed at a relative time of 10 s at T = 10
K using a lamp power of 50 µWCm−2 (bottom left), and R(T )s for 310 nm and 370 nm
light using a lamp power of 0.05 µWCm−2 (bottom right).
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Figure 4.4: A schematic representation of the possible defect levels and transitions in-
volved in the two center recombination model proposed by Osawa et al.; a) direct absorp-
tion and creation of an electron hole pair, b) recombination of an electron and hole via an
efficient recombination center, and c) trapping and detrapping of a hole at a sensitizing
level located 60 meV above the valence band.

Building on the model of a sensitizing level leading to hole trapping at low temperature
Osawa et al. performed numerical simulations of the temperature dependence of the
onset of large photoconductivity, for a system with a sensitizing level and an efficient
recombination center, a schematic representation of this is shown in figure 4.4. From this
the activation energy required for hole detrapping was calculated to be ≈ 60 meV, and
was attributed to strontium vacancies. Since these are doubly negatively charged the
capture cross section is much larger for holes than electrons, even when occupied with a
hole.

To investigate the hole trapping scenario further photoconductivity was measured as a
function of incident photon flux over the full range accessible to the xenon lamp and
neutral density filters used in this work, this is shown in figure 4.3. Measurements were
made for 310 nm and 370 nm light in order to distinguish between surface and bulk
behaviour respectively, as well as to access the highest and lowest three dimensional
carrier densities possible. This data can be used as a proxy to study the relationship
between generation rate and number of carriers (n ∝ Gγ), if it is assumed the mobility
is constant (σ ∝ n) and the efficiency of absorption is not dependent on flux (G ∝ flux).
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Both sets of data were found to be well fitted to a straight line on a log-log plot with a
gradient of γ = 0.94, close to linear photoconductivity (see section 2.1.1).

σ ∝ n ∝ G0.94. (4.1)

This indicates that monomolecular recombination dominates, rather than direct band to
band bimolecular recombination which would produce a value of γ = 0.5, and is con-
sistent of the two center model proposed by Osawa et al.. Physically a value of γ ≈ 1
corresponds to the lifetime of photocarriers not depending on the density. Assuming a
mobility of between 103 cm2V−1s−1 and 104 cm2V−1s−1, and approximating the carrier
profile to that of a homogeneous 30 nm thick sheet, a maximum carrier density of between
1018 cm−3 and 1019 cm−3 can be estimated. Since the lifetime does not change over the
full range of carrier densities, this indicates that the sensitizing levels have not become
saturated with holes. A simple estimate of the lower limit of the density of sensitising
levels is therefore ≈ 1018 cm−3 [32]. Measurements of the defect density in undoped STO
have found densities between 1018 cm−3 and 1019 cm−3 for strontium vacancies [123]. The
data presented here is therefore supportive of the model of hole trapping by strontium
vacancy defects proposed by Osawa et al. [105].

Finally, the role of self trapping of both electrons and holes on photoconductivity should
also be considered. Recent density functional theory (DFT) calculations by Hao et
al. [124] have shown that electron polarons only form in stoichiometric STO when the
carrier density is in excess of 1020 cm−3, with electrons remaining delocalised below this
threshold. Since this is around two orders of magnitude higher that the maximum carrier
density estimated here, the formation of electron polarons is not expected to occur. In
contrast DFT calculation made by Janotti et al. [125] have shown that the formation
of hole polarons is energetically favorable in stoichiometric STO at any carrier density.
The binding energy of these self trapped holes is ≈ 50 meV, similar to that of strontium
vacancies making the two difficult to distinguish. One the other hand hole polarons do
not necessarily have a strongly asymmetric capture cross section for electrons and holes
like strontium vacancies, meaning that captured holes would be more likely to undergo re-
combination in a self trapped polaron state than a strontium vacancy. Given that several
photoluminescence studies have shown that photocarriers are localised before recombina-
tion it seem more likely that hole polarons are the recombination center described in the
model above.
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Previously Kozuka et al. [23] reported a metal insulator transition in photodoped STO
when illuminated with low density (corresponding to a flux of ≈ 1012 photons s−1cm−2)
310 nm light. This was shown to be caused by a reduction in the mobility and attributed
to the onset of weak localisation. However in the data presented here photoconductivity
is linear over the full range of carrier densities measured (around two orders of magnitude
lower than by Kozuka et al.) and does not show any evidence for weak localisation. Fur-
thermore R(T )’s at a normalised power of 0.01 retain a metallic temperature dependence,
shown in figure 4.3. There are a number of potential explanations of this discrepancy.
Firstly measurements presented here were taken at 10 K in contrast to at 2 K by Kozuka
et al., possibly reducing the effect of weak localisation. Although Kozuka et al. did
observed that the onset in a reduction in mobility occurred at 10 K. Alternatively it is
possible that the reduction in mobility observed by Kozuka et al. is in fact due to a
low density of electron traps at the surface, which localised the majority of electrons at
low generation rates, but only a small fraction at high generation rates, thus yielding a
density dependent mobility.

4.2.2 Photoconductivity below one Kelvin

Previously photoconductivity measurements of STO have not been made at temperat-
ures lower that 2 K [23], however there are potential interesting phenomena which may
occur at these temperatures. In particular STO becomes superconducting below T = 300
mK when optimally doped. Photocarrier doping is a potentially attractive alternative to
chemical doping, both because the carrier density can be tuned in situ, potentially allow-
ing the phase diagram to be mapped out with a single sample and because photocarriers
can be introduced homogeneously unlike chemical dopants which have been shown to
form clusters [126, 127]. Previous measurements suggest a maximum carrier density of
1018 cm−3 is achievable by photocarrier doping using a power of ≈ 50 µWcm−2, at which
the superconducting critical temperature is ≈ 200 mK. Motivated by this, measurements
of photoconductivity in STO were made at temperatures as low as 200 mK.

Figure 4.5 shows the wavelength and power dependence of photoconductivity for 370,
350, 330, and 310 nm light, at 200 mK. A similar spectral response to at higher tem-
peratures is observed, but with a slightly larger relative conductivity at 370 nm. The
resistance of the sample as a function of power using 310 nm light at temperatures of
250, 500, and 750 mK was also measured, shown in figure 4.5. Due to heating caused by
illuminating the sample, a maximum power of ≈ 20 µWcm−2 could be achieved at 250
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Figure 4.5: Photoconductivity as a function of power at 250, 500, and 750 mK, using 310
nm light (left), and as a function of power for 370, 350, 330, and 310 nm light at T =
200 mK (right).

mK, corresponding to a photoinduced carrier density of just under 1018 cm−3. This is
substantially lower than the optimal carrier density of around 1020 cm−3 and the critical
temperature is expected to be less than 100 mK [10], explaining why superconductiv-
ity is not observed. This was confirmed by IV measurements, all of which were linear,
showing no critical current Ic > 10 nA. Whilst it may be possible to tune the critical
temperature of a chemically doped sample, the existing (dark) carrier density would have
to be much larger than the maximum achievable by photoconductivity in order for the
critical temperature to be ≈250 mK and therefore measurable using this setup. This
would drastically reduced the level of tunability which could be achieved by photocarrier
doping, for example the carrier density of an optimally (chemically) doped sample could
be enhanced by less than 1 % with illumination. Pursuing lower temperatures is therefore
a more promising route to realising optically tunable superconductivity. Despite this, one
striking behaviour which was observed at low temperatures is the emergence of long lived
persistent photoconductivity below 1 K.

Measurements of non-equilibrium photoconductivity were made by illuminating the sample
with 5 µWcm−2, 370 nm light of 300 seconds, before the shutter was closed and the pho-
toconductivity allowed to decay. Results are shown in figure 4.6 over two temperature
ranges, 200-1000 mK (top) and 1.5-5.5 K (bottom).
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4.2. Nominally stoichiometric STO

Figure 4.6: The decay in photoconductivity between 200 and 1000 mK (top) and 1.5
and 5.5 K (bottom). 370 nm, 5 µWCm−2 light was used to illuminate the sample. An
oscillation in the decay was observed at 2.5 K, this was attributed to a PID driven
oscillation in temperature.

67



Chapter 4. Photoconductivity in Strontium Titanate

The decay in conductivity was fitted with a stretched exponential function (an example
is shown in figure 4.8.),

σ(t)
σ(t = 0) = exp

((
− t
τ

)β)
, (4.2)

however good fits could not be obtained by either single or double exponentials decays.
The parameters from this fit are shown in figure 4.7. Below 1 K significant persistent
photoconductivity emerges, the lifetime increasing as the temperature is lowered from
0.9 s at 1 K to 135 s 200 mK. At higher temperatures the persistent photoconductivity
is quickly removed, for example at 200 mK the resistance of the sample remains below
500 Ω�−1 almost 10 minutes after illumination has ceased, compared with more than
70 kΩ�−1 at 2.5 K. Once the temperature is increased to 5.5 K the rate of decay of
photoconductivity is similar to that shown in figure 4.3, which was measured at 10 K.

In section 4.2.1 the long lifetime of photogenerated electrons was attributed to the sup-
pression of recombination by the trapping of holes at a sensitizing level. In a simple
model of thermally activated detrapping of holes from a single level the lifetime is expect
to vary as 1

τ
∝ exp

(
− Ea

kbT

)
, where Ea is the activation energy. Therefore the gradient

of an Arrhenius plot of ln(τ) against 1
T
is equal to Ea

kb
, this is shown in figure 4.6. Two

distinct regions of linear behaviour centered around 500 mK, are observed and can be
assigned activation energies of ≈ 40 and 300 meV below and above 500 mK respectively.
Whilst the 40 meV activation energy is relatively close to that of a strontium vacancy
sensitizing level (60 meV), the increase in activation energy at 500 mK is difficult to
justify physically. Furthermore the stretching parameter was found remain at a constant
value of β ≈ 0.16 from 200 mK to 1 K, suggesting that the mechanism of the decay
doesn’t change dramatically at 500 mK. Alternatively this may indicate that the lifetime
does not follow typical Arrhenius-type thermal detrapping, and some other temperature
dependent process is contributing to changing the lifetime. At low temperature the rate
direct recombination via the sensitizing level may become comparable to the rate of de-
trapping, this would lead to a smaller temperature dependence of lifetime, potentially
explaining the sub-Arrhenius behaviour shown here.

A distinctive wavelength dependence is also found, with persistent photoconductivity
only observed when 370 nm or 380 nm light was used to illuminate the sample. A com-
parison between decays of 370 nm and 330 nm light at 400 mK is show in figure 4.8
(bottom right). This indicates that low temperature persistent photoconductivity is a
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Figure 4.7: The fitting parameters from a stretched exponential fit (left) and an Arrhenius
plot for the extracted lifetime between 1000 and 200 mK (right).

bulk phenomena and does not occur at the surface, perhaps due to the presence fast
recombination centers quenching the traps, or suppressing retrapping. Furthermore the
bulk nature of the persistent photoconductivity observed here implies that the origin is
hole trapping rather than spatial separation, which typically occurs when one of the car-
rier is localised at the surface or an interface. When the sample is illuminated with 390
nm light there is no measurable photoconductivity, as was the case in section 4.2.1. This
implies that the defect which is responsible for persistent photoconductivity is within ≈
100 meV of the valence band.

Previously Feng [101] and Osawa et al. showed that hole trapping could be quenched by
illuminating samples simultaneously with UV and IR light. Similar optically quenching
can be seen here in figure 4.8 (top right). This was achieved by illuminated the sample
first with UV light, closing the shutter and allowing photoconductivity to relax for around
five minutes, then illuminate the sample with broadband IR light (≈ 20 µWcm−2). The
second illumination, using IR light, is found to increase the rate of recombination indic-
ative of optically detrapping holes. Furthermore the photoconductivity is found to decay
faster when lower powers were used to illuminate the sample, implying the hole traps
have not been saturated, this is shown in figure 4.8 (top left).

Collectively these data are indicative of a large density of hole traps leading to long
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Figure 4.8: The build up and decay of photoconductivity of 0.5 and 50 µWcm−2 370 nm
light at T = 400 mK (top left), an example of a stretched exponential fit to the decay at
T = 200 mK (bottom right), low power (20 µWcm−2) IR quenching at T = 400 mK (top
left) and a comparison of decay of 330 and 370 nm light at T = 400 mK.

lived bulk persistent photoconductivity. Whilst a stretched exponential decay is often
attributed to either a multi-step serial relaxation [50] or to several parallel channels of
relaxation [50], it can also arise from the decay of a single level if there is strong retrapping
[32]. Using data for the dielectric constant in STO from muller et al. [128] and equation
2.10, the variation in the capture cross section of an attractive defect with temperature
can be estimated. Between room temperature and 5 K the cross section becomes around
3 times smaller, however lowering the temperature further to 300 mK the cross section is
increased by a factor of ≈ 250. Therefore a negatively charge defect would have a much
larger rate of hole trapping at 300 mK compared with 5 K, coinciding with the onset of
persistence observed here. Therefore it seems likely that the strontium vacancy sensitizing
level, which was earlier used to explain the long photogenerated electron lifetimes at
higher temperatures, is also the origin of the persistent photoconductivity shown here.
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4.3 Photoconductivity in SrTiO3−δ

Previous measurements of bulk thermally annealed SrTiO3−δ have shown long lived per-
sistent photoconductivity [119–121], sometimes on the timescale of days [117]. As an
alternative to thermal annealing oxygen vacancies can be produced by irradiating STO
with a beam of argon ions [129–131]. This has previously been shown to produce a layer
of oxygen vacancy rich SrTiO3−δ with a thickness of ≈ 20 nm, and an amorphous top
layer of ≈ 3 nm [96, 132]. Due to the potential applications of Ar+ irradiated STO as a
transparent oxide conductor much attention has been given to studying it, particularly
as samples can also be patterned allowing the fabrication of doped nano-structures [133].

In this section measurements of the build up and decay of photoconductivity in Ar+ ir-
radiated STO, as a function of wavelength, temperature, and lamp power, are presented.
The addition of a large density of oxygen vacancies dramatically increases the time scale
over which these processes occur, and leads to long lived persistent photoconductivity.
Whilst persistent photoconductivity has previously been measured in bulk SrTiO3−δ, res-
ults presented here suggest that transient negative photoconductivity also occurs, which
has not previously been observed in any STO based nano-structures or bulk samples.

A series of 5 mm × 5 mm, nominal stoichiometric STO samples with progressively lar-
ger doses of Ar+ irradiation were fabricated (see section 3.1.3.3). This resulted in range
of sheet resistances at room temperature from 10’s kΩ�−1 to 10’s Ω�−1, all showing a
metallic temperature dependence. From this a sample with a resistance of ≈ 50 Ω�−1 at
10 K was selected, such that there was still a significant tuneability with light but a large
number of oxygen vacancies were present. Although the amorphous top layer in Ar+

irradiated STO is thought to be passivating, samples were found to increase in resistance
at room temperature and in air on the time scale of days. This was presumably due
to the reoxidization of the surface, or the build up of surface absorbents, consequently
samples were fabricated then cooled down within a few hours.

4.3.1 Results and discussion

The build up and decay of photoconductivity as a function of wavelength, when illumin-
ated with 50 µWcm−2 light at 10 K is shown in figure 4.9. The shutter was opened after
100 s of measuring the dark resistance (relative time of 100 seconds in 4.9 top), left open
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for the photoconductivity to build up for 300 seconds, then closed allowing the excited
carriers to decay (relative time of 100 seconds in 4.9 bottom). Broadband IR light (≈ 2
mWcm−2) was found to quench the persistent photoconductivity (as described in section
4.2.2) allowing a dark resistance of R = 47.2 ± 0.2 Ω�−1 to be consistently achieved,
between measurements.

The spectral response of photoconductivity (shown in figure 4.10) is found to be similar
to that of stoichiometric STO (see figure 4.1). The largest enhancement in conductivity
occurs when 370 nm light is used to illuminate the sample increasing the conductivity
by a factor of ≈ 4 compared to the dark state. However in contrast to stoichiometric
STO photoconductivity is observed when illuminated with below band-gap energy light
(390, 410, 430, and 450 nm). Since these wavelengths have insufficient energy to create
electron hole pairs by a band to band excitation they are not absorbed by stoichiometric
STO, therefore any absorption of this light must take place via an in-gap state in the
SrTiO3−δ layer. In-gap states have previously been shown to mediate the creation of free
carriers by a two photon absorption process [134], leading to a sub-gap photocurrent.
The broadening of the spectral response to at least 450 nm suggests the existence an in-
gap state or states which reduces the energy of absorption by ≈ 0.5 eV, consistent with
photoluminescence measurements of Ar+ irradiated STO [96] and bulk SrTiO3−δ [135].

After the lamp was switched off long timescale persistent photoconductivity can be ob-
served, similarly to in previous measurements of bulk SrTiO3−δ [117, 119–121]. Figure
4.10 shows an example of the decay over ≈ 20 hours, even after this time a signific-
ant photoconductivity remains. Amongst the above-gap light the longest lifetimes are
observed for the shorter wavelengths, indicating that the enhancement in photocarrier
lifetime occurs close to the surface of the sample, where oxygen vacancies are present.
For longer wavelengths of light the photoconductivity is larger, however a rapid initial
decay occurs after illumination has ceased. This is indicate of bulk photocarriers decaying
quickly, with the persistent photocarriers remaining near to the surface. In the persistent
photoconductivity observed in bulk SrTiO3−δ, the origin of long photogenerated electron
lifetimes was thought to be related to hole trapping by in-gap states. In Ar+ irradiated
STO in-gap states only exist in the SrTiO3−δ layer at the surface. It is possible that the
persistent photoconductivity could be caused either by hole trapping by in-gap states in
the SrTiO3−δ layer, or alternatively the positively charge oxygen vacancies may lead to
a spatial separation of electrons and hole without trapping.
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The decay of photoconductivity is well fitted to a stretched exponential function (equation
4.2), but not to single or double exponentials. Good fits can also be made to a logarithmic
decay,

σ(t)
σ(t = 0) = 1− α ln

(
t

τ0
+ 1

)
, (4.3)

which has previously been associated with persistent photoconductivity due to charge
separation in GaAs heterostructures [49]. Examples of both fits are shown in the inset
of figure 4.9. Stretched exponentials are used here, however, for consistence with the
majority of the literature on persistent photoconductivity.

An R(T ) of the sample between room temperature and 10 K, performed before any expos-
ure to UV light and the decay of photoconductivity as a function of temperature between
10 and 35 K, using a power of 50 µWcm−2 and wavelength of 310 nm are shown in figure
4.11.

Prior to any UV exposure the sample shows a metallic temperature dependence between
300 and 10 K, with a RRR ≈ 38, which is consistent with previous measurements [133].
When illuminated the temperature dependence is weak between 10 and 35 K only chan-
ging by ≈ 3 Ω�−1. After the shutter was closed the rate of decay was almost exactly the
same across the range of temperatures, in fact after 300 seconds the photoconductivity
was slightly larger at 20 K compared with 10 K. This would seem to imply the rate of
decay is not primarily driven by the rate of thermal detrapping over this range of tem-
peratures. The rate of recombination may be dominated by the frequency of encounters
of electrons and holes rather than a thermal detrapping process. In this case a larger
mobility would lead to more frequent encounters of electrons and holes and therefore
quicker recombination [136,137]. The rate is often described by the Langevin model [138]

R ∝ (µe + µp). (4.4)

The mobility of Ar+ irradiated STO is not found to vary significantly between 10 and 35
K [133], therefore if recombination is indeed encounter driven no significant temperature
dependence should occur.

The build-up and decay of photoconductivity as a function of lamp power over four orders
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Figure 4.9: The build-up (top) and decay (bottom) of photoconductivity as a function
of wavelength, using a lamp power of 50 µWcm−2 at T = 10 K. Examples of logarithmic
and stretched exponential fits
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Figure 4.10: The spectral response after 300 seconds (top), fitting parameters from a
stretched exponential fit(bottom left), and (bottom right) examples of two extended
timescale decays, using a 50 µWcm−2 lamp power at T = 10 K.
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Figure 4.11: The decay of photoconductivity as a function of temperature and a dark
R(T ) taken prior to any photoconductivity measurements (inset). A lamp power of 50
µWcm−2 and wavelength of 310 nm were used to illuminate the sample.

of magnitude is shown in figure 4.12. As the power is increased the initial rate of decay
becomes larger, indicating that there are a greater number of un-trapped or separated
carriers at higher powers, which recombine quickly. This is in contrast to persistent pho-
toconductivity in nominally stoichiometric STO (see section 4.2.2) where the opposite
dependence on power was observed. After the initially rapid decay the rate becomes
similar for all powers. This is manifested in the fitting parameters (shown in figure 4.13)
which show a large increases in lifetime as power is decreased and a smaller value for β
for larger powers. The increase in carrier density as a function of generation rate is found
to vary as ∆n ∝ G0.3, a case of sublinear photoconductivity (shown in figure 4.13). This
again indicates that the average carrier lifetime is larger at lower carrier densities.

The most striking feature of the build up of photoconductivity is that for the two lower
powers there is an initial region of negative photoconductivity when the light it turned
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Figure 4.12: The build-up (top) and decay (bottom) of photoconductivity as a function
of illumination intensity. A relative lamp power of 100 corresponds to 50 µWcm−2. A
wavelength of 310 nm was used and T =10 K.
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Figure 4.13: The region of negative photoconductivity observed at relative powers of 0.1
and 1 (top), the resistance after 300 seconds of illumination (bottom left), and fitting
parameters from a stretched exponential function (bottom right), lines are a guide to the
eye. A relative power of 100 corresponds to 50 µWcm−2, all data was taken at T = 10 K.
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on, this is shown in more detail in figure 4.13 (top). This transient negative photocon-
ductivity lasts for ≈ 30 s and ≈ 255 s for relative powers of 1 and 0.1 respectively, before
normal positive photoconductivity begins to dominate.

Negative photoconductivity can be described by a two center recombination model, with
an unoccupied sensitizing level and an occupied recombination center. Firstly an elec-
tron is optically excited into the sensitizing level, leaving a hole in the valence band. This
hole is subsequently captured by an efficient recombination center and recombines with
an electron from the conduction band, reducing the carrier density. Finally the electron
trapped in the sensitizing level is thermally excited into the conduction band restoring the
dark conductivity, this is shown schematically in figure 4.14. Negative photoconductivity
occurs provided that the rate of thermal excitation of an electron from the sensitizing
level to the conduction band is smaller than the rate of capture of electrons by the re-
combination center. A further condition is that hole capture is more favorable by the
recombination center than the sensitizing level βp,S < βp,R.

Previous works [101,105], as well as the results in section 4.2.1, indicate that efficient re-
combination centers are the dominant channel of recombination in nominally stoichiomet-
ric STO, satisfying one of the requirements for negative photoconductivity. Photolumin-
escence spectroscopy measurements indicate that this recombination may be mediated
by self-trapped electrons and holes. Sensitizing levels are also found in nominally stoi-
chiometric STO, which were earlier attributed to strontium vacancies, however these
have a much larger capture cross section for holes than electrons, and are located below
the Fermi level, consequently they cannot be responsible for negative photoconductivity.
Therefore the sensitizing level must have been induced by the Ar+ irradiation.

In Ar+ irradiated STO Kan et al. found a blue (2.8 eV) and green (2.4 eV) luminescence
peak, attributed to the recombination of a free electron and self-trapped polaron, and an
electron and hole via a self-trapped exciton, respectively. The blue luminescence was only
observed in reduced STO samples (both thermally and by Ar+ irradiation) leading the
authors to suggest that the hole polaron was localised around an oxygen vacancy. Recent
DFT calculations have indicated that the two electrons donated by oxygen vacancies play
very different roles, one acting as a shallow donor and the other becoming trapped in a
small polaron around the oxygen vacancy [125]. An oxygen vacancy level seems, there-
fore, a plausible candidate for the sensitizing level causing negative photoconductivity.
Firstly, since one electron is donated to the conduction band there is an unoccupied state
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Figure 4.14: A schematic representation of the possible defect levels and transitions
which lead to transient negative photoconductivity; a) an electron is optically excited
into the sensitizing level, leaving a hole in the valence band, b) the hole is captured by
an efficient recombination center and recombines with an electron from the conduction
band, reducing the carrier density, and c) the electron trapped in the sensitizing level
is thermally excited into the conduction band restoring the dark conductivity. Once all
of the sensitizing levels are occupied by electrons or an equilibrium between optical and
thermal excitation is reached process d) direct absorption begins to dominate and positive
photoconductivity is recovered.

for a valence band electron to be excited into. Secondly since oxygen vacancies are either
positively charged or neutral depending on whether they are singly or doubly occupied
the condition βp,S < βp,R should be easily satisfied.

The negative photoconductivity observed here is found to be largest, and persist for the
longest, at lower rates of optical excitation. This indicates that there is a specific dose
of illumination required to saturate the negative photoconductivity, corresponding to all
sensitizing levels becoming occupied with electrons. Once this process is complete, normal
band to band carrier generation would begin to dominate and photoconductivity would
begin to increase. The location of the peak of negative photoconductivity occurs at a
dose of ≈ 1014 photons cm−2. Given that a sheet resistance of ≈ 50 Ω�−1 is measured
here, and assuming a mobility of ≈ 103 cm−2V−1s−1 [133], the sheet carrier density in
the dark corresponds to ≈ 1014 cm−2, which is also the density of oxygen vacancies since
each electron in the conduction band has been donated by a vacancy. Therefore the illu-
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mination dose at which the onset of positive photoconductivity occurs is approximately
the same as the number of oxygen vacancies.

4.4 Conclusion

In this chapter results have been presented for the equilibrium and transient photocon-
ductivity in stoichiometric SrTiO3 and SrTiO3−δ.

In nominally stoichiometric STO measurements of the temperature dependence of pho-
toconductivity between 10 and 55 K reveal a large increase in photoconductivity at ≈
35 K consistent with previous measurements by Kozuka [22] and Osawa [105]. The long
photogenerated electron lifetimes have previous been attributed to a sensitizing level with
a much larger capture cross section for holes than electrons, suppressing the recombina-
tion through an efficient recombination center. Measurements of photoconductivity as a
function of photon flux yield a value of γ = 0.94 indicating that monomolecular recom-
bination is dominant at T = 10 K and that the photocarrier lifetime is not dependent
on the density of carriers. From this data an estimate of a the lower limit of the density
sensitizing levels of 1018 cm−3 can be made, which is consistent with previous reports of
the density of strontium vacancies [123]. These data offer further evidence that the long
carrier lifetimes observed in STO at low temperatures are brought about by hole trapping
at strontium vacancies.

Below ≈ 1 K persistent photoconductivity is found to emerge in nominally stoichiometric
STO. The wavelength dependence of the persistence shows that it is a bulk phenomena
and not caused by surface defects. The onset of persistent photoconductivity coincides
with a large increase in the capture cross section of a charged defect, suggesting that hole
trapping at strontium vacancies is again responsible for the long photogenerated electron
lifetimes.

Finally the photoconductivity of Ar+ irradiated STO, which creates an ≈ 20 nm of
SrTiO3−δ, has been measured. Consistent with previous measurements of SrTiO3−δ long
lived persistent photoconductivity is observed [117,119–121]. However transient negative
photoconductivity has also been observed. The negative photoconductivity is found to
persist until a specific dose of illumination has been reached, which coincides with the
density of oxygen vacancies. The origin therefore appears to be the optical excitation
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of an electron from the valence band into oxygen vacancy defect levels and subsequent
capture of holes and conduction band electrons by an efficient recombination center.
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Chapter 5

Optically Induced Persistent
Photoconductivity

In this chapter results are presented for optically induced persistent photoconductivity
in STO, motivated by previous work indicating that oxygen vacancies can be created
by exposure to high intensity UV light. The photocarrier lifetime can be dramatically
enhanced by prolonged UV exposure, leading to photoconductivity which persisted on
the timescale of hours. A systematic study of this photoinduced state is presented here.
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5.1 Background and motivation

STO based devices and heterostructure host a myriad of interesting physics [139, 140].
The most extensively studied of these is the (super)conducting two dimensional elec-
tron gas (2DEG) which can be formed at the LAO/STO interface [141–144]. However
2DEGs can also be formed in bare STO, for example by argon irradiation [133], elec-
trolyte gating [145], delta doping [23], and simply by cleaving in vacuum [146]. Most
recently Meevansana et al. [147] showed that through exposure to intense ultraviolet
light provided by a synchrotron, a 2DEG can be created at the surface of cleaved (001)
strontium titanate.

Prior to irradiation Meevansana et al. did not observe a 2DEG however they found that
the carrier density could be tuned by progressively larger exposure doses of radiation
until a 2DEG with a sheet carrier density as high as 8× 1013 cm−2 was formed (shown in
figure 5.1). The authors ruled out a surface reconstruction as there was no change in low
energy electron diffraction pattern before and after exposure, and suggested there results
were consistent with the creation of oxygen vacancies localised at the surface, which due
to there positive charge, would cause an accumulation of electrons forming a 2DEG at
the surface of the sample. However other in-gap states due to adsorbed impurity such as
hydrogen could not be ruled out.

Subsequently it was shown by McKeown Walker et al. [148] that the induced 2DEG could
be removed with atomic oxygen, supporting the hypothesis of oxygen desorption. Fur-
thermore McKeown Walker et al. [149] proposed that the mechanism by which oxygen
vacancies are created is Ti 3p core hole Auger decay. In this scenario the incident photons
promote an deep electron into the conduction band leaving a Ti 3p core hole behind. The
Ti 3p hole is filled with an electron from the neighboring O 2p orbital and two further
Augur electrons are ejected, leaving the oxygen ion positively charged [150–152]. Finally
the coulomb repulsion between the O+ and Ti4+ ions causes the oxygen to be emitted
from the surface. The threshold energy for this process to occur is 38 ev, and indeed
McKeown Walker et al. showed that rate at which a 2DEG was induced was much larger
for 53 eV photons compared with 26 eV. However a surface state was also induced at 26 eV
albeit at a slower rate, suggesting a slower, lower energy process may also be occurring.
Suwanwong et al. [153] found that the induced state was stable at much lower vacuums
than previously investigated, showing slow recovery at oxygen partial pressures as high
as 4 × 10−6 mbar. As well as this it was also shown by King et al. [154] that a 2DEG
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5.1. Background and motivation

Figure 5.1: Emergence of a 2DEG with progressively larger doses of 55 eV synchrotron
radiation (a-e) and sheet carrier density as a function of dose (f). g and h are at the
same dose as b and e respectively but measured immediately afterwards with a lower
intensity probing beam. Taken from Meevansana et al. [147].

can be similarly induced at the (100) surface of potassium tantalate again attributed
to oxygen vacancies, suggesting the mechanism of defect creation may be applicable for
other transition metal oxides.

The photoinduced creation of oxygen vacancies in these ARPES studies is consistent with
results from photoluminescence spectroscopy [135]. Mochizuki et al. found that an in-
gap state was induced by irradiation with a 325 nm laser when in vacuum. Introducing
oxygen reversed this effect removing the in-gap state and return the sample to its original
unirradiated form. The luminance from the induced in-gap state was consistent with that
of reduced STO leading the authors to conclude that there were photoinduced oxygen
vacancies. A particularly interesting implication of this work is that defect creation would
seem to occur when STO is irradiated with much lower photon energies than those used
in the ARPES measurements outlined above and in fact be accessible with a typical lab
based source. This potentially provides an alternative route to creating defects at the
surface of STO and other transition metal oxides, paving the way for continuously tunable
and rewritable electronics. Therefore a more detailed understanding of this photoinduced
state is important.
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Photoconductivity has previously been used as a tool for studying and tuning the proper-
ties of LAO/STO interfaces [28,155–159]. One of the most striking observations of these
works is long lived persistent photoconductivity, which has been attributed to the spatial
separation of electrons and holes by the potential well at the interface. In addition to
this the lifetime of the persistent photocarriers has also been shown to increase when a
larger density of oxygen vacancies are present in the STO substrate [160], or when pal-
ladium nanoparticles are evaporated onto the surface [161], suggesting that defects and
surface adsorbates may also play an important role. Furthermore a number of previous
works (including section 4.3 of this thesis) have observed persistent photoconductivity in
STO itself when oxygen vacancies are present, both in bulk reduced [117,121] samples and
thin films of oxygen vacancies produced by Ar+ irradiation. Consequently if either oxygen
vacancies, a potential well, or both can indeed be created at the surface of STO by in-
tense UV exposure then this too would likely also to lead to persistent photoconductivity.

In this chapter measurements of both the equilibrium and persistent photoconductivity
of STO after prolonged exposure to UV radiation (typically a dose of ≈ 100 Jcm−2) are
outlined, in order to gain a more detailed understanding of the formation and behaviour
photoinduced defects. The results presented here show that long lived persistent photo-
conductivity can indeed be induced, indicative of the creation of a surface state similar
to that previously observed by ARPES and photoluminescence measurements.

Samples of stoichiometric mixed termination (100) STO were first exposed to high in-
tensity UV radiation (3 mWcm−2) of extended periods of time (8-12 hours) to create a
defect rich surface state. Broadband UV light (the spectrum is shown in figure 3.11) was
typically used instead of the monochromatic UV used elsewhere in this thesis so as to
maximise the exposure power, however despite this the surface dose in this work is much
smaller than that of the ARPES experiments outline above. Consequently this exposure
is not expected to create a sufficient number of defects to form a conducting 2DEG, how-
ever the lifetime of photoinduced carriers has been shown to be significantly increased
by even low concentrations of oxygen vacancies or other defects [121]. Persistent photo-
conductivity can therefore be utilised as a particularly sensitive probe of the formation
of defects. After the creation of a surface state the induced persistent photoconductivity
as a function wavelength, power, illumination time and temperature was systematically
measured using a lower power monochromatic probe light, similarly to in chapter 4, This
procedure is shown schematically in figure 5.2.
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Figure 5.2: Schematic of the creation and subsequent probing of an induced surface state.
a) Stoichiometric STO is exposed to high intensity broadband UV light, b) after extended
exposure a surface state is created this state is permanent at low temperatures, c) the
induced surface state is probed by photoconductivity with monochromatic illumination
of various wavelengths and intensity.

5.2 Optically inducing persistent photoconductivity

To establish the relationship between UV exposure dose and photocarrier lifetime, nom-
inally stoichiometric STO was exposed to 3 mWcm−2, broadband UV light in 8 steps of
≈ 12 Jcm−2 (approximately 1 hour of exposure), leading to a cumulative dose of 98 Jcm−2

incident on the surface of the sample. After each step the sample was quenched with 2
mWcm−2 broadband IR light and left for 10 minutes to allow carriers created during the
high intensity exposure to recombine, after this procedure the resistance of the sample
was measured to verify that it was insulating (typically in excess of 10 MΩ�−1) and
that there was not a significant density of remaining photocarriers. The sample was then
illuminated with 50 µWcm−2, 310 nm light, at a temperature of 15 K for two minutes,
after which the lamp was turned off, and the decay of photoconductivity measured.
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Figure 5.3: The exposure dose dependence of the decay of photoconductivity (top) and
extracted parameters β and τ from a stretched exponential fit (bottom). The sample was
exposed with broadband UV light, quenched with IR light for two minutes to remove
photocarriers then probed with 310 nm light with a power of 50 µWcm−2 at T = 15 K.
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5.2. Optically inducing persistent photoconductivity

Figure 5.4: Examples of single and double exponential fits (top) and logarithmic and
stretched exponential fits (bottom). The data was taken after the sample had been
illuminated with 310 nm, 5 µWcm−2 light at T = 10 K.
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Chapter 5. Optically Induced Persistent Photoconductivity

The decay in photoconductivity as a function of exposure dose is shown in figure 5.3
(top). This data clearly shows that persistent photoconductivity can be controllably and
progressively induced by high intensity UV exposure, even with photon energies of only
≈ 3-5 eV. After exposure photoconductivity is extremely long lived, at a dose of 98 Jcm−2

the sheet resistance is still less than 1 kΩ�−1 almost 10 minutes after the shutter has
been closed, in contrast to unexposed STO where sheet resistances in excess of MΩ�−1

are reached in a mater of seconds in similar conditions (see figure 4.3 for example).

The dramatic enhancement in photocarrier lifetime is a clear indication of photoinduced
defects, however it is not accompanied by any observable change to the dark conductiv-
ity, suggesting the density is much lower than achieved by synchrotron irradiation and is
insufficient to bring about a metal insulator transition. Although the total dose after this
period of exposure is of a similar magnitude to the previous ARPES studies described
above, the average penetration depth of the broadband light is much larger and given the
spectrum of the xenon lamp used here it can be estimated that less than 10 % of the total
dose is absorbed within even the first 30 nm. It is reasonable to assume that the creation
of the surface state depends on the dose of radiation within the first few nanometers of
the surface rather than the dose received by the bulk, therefore the effective dose is much
lower that the total 98 Jcm−2.

In agreement with previous measurements of persistent photoconductivity in STO and
LAO/STO heterostructures the decay of photoconductivity is well fitted to a stretched
exponential function,

σ(t)
σ(t = 0) = exp

((
− t
τ

)β)
, (5.1)

but not to single or double exponentials. This is often interpreted as a decay involving
either a multi-step serial relaxation [50] or several parallel processes taking place simul-
taneously [51]. Good fits can also be made to a logarithmic decay,

σ(t)
σ(t = 0) = 1− α ln

(
t

τ0
+ 1

)
. (5.2)

This is has previously been associated with persistent photoconductivity due to charge
separation in GaAs heterostructures [49].

Figure 5.4 shows examples of double and single exponential functions (top) and stretched
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exponential and logarithmic functions (bottom), fitted to the decay in normalized pho-
toconductivity after illumination with 310 nm, 5 µWcm−2 light at 10 K has ceased. It is
clear that the latter two function are much better fits to the data that both single and
double exponentials despite only having two fitting parameters, in contrast to the six of a
double exponential. It is also worth noting that both logarithmic and stretched exponen-
tial fits have similar residuals (show in the inset of figure 5.4), underestimating the initial
rapidity of the decay. Although the fit to a logarithmic decay is in fact slightly better, pre-
dominantly stretched exponential fits are used in this chapter so as to be consistent with
previous studies of persistent photoconductivity in STO and LAO/STO heterostructures.

The lifetime τ and stretching parameter β extracted from stretched exponential fits are
shown as a function of exposure dose in figure 5.3 (bottom). The lifetime grows from ≈
0.2 seconds after a dose 12 Jcm−2 by around two orders of magnitude to ≈ 10 seconds
after a dose 98 Jcm−2. The increase in lifetime is accompanied by a reduction in the
stretching parameter from about 0.35 to 0.17 indicating that the character of the decay
is less exponential with increased dose. The reduction in the stretching parameter could
indicate a broadening of the distribution of photoinduced in gap states as a function of
dose [162]. However it should also be noted that in the case of the lowest exposure dose
(12 Jcm−2) the rapidity of the decay was such that the fit was made over a shorter range
(70 s) that the subsequent doses (400 s), which has previously been shown to artificially
increase the value of β (see section 2.1.4.2). It is possible that this may account of ini-
tially larger drop in β between 12 Jcm−2 and 25 Jcm−2, however the remainder of the
dose range would be unaffected. This range of values for the stretching parameter is also
similar to those observed in nominally stoichiometric STO at less than 1 Kelvin and Ar+

irradiated STO (see chapter 4), as well as the previous studies of persistent photocon-
ductivity in STO and LAO/STO heterostructures.

5.3 Probing the optically induced state

In this section the optically induced state described in the previous section is studied, as
a function wavelength, power, illumination time and temperature. For consistency these
measurements were made on a single sample (with the exception of section 5.3.0.4 which
used a different sample with the same exposure dose) after an exposure of 147 Jcm−2 (12
hours), however qualitatively similar results were obtained with both lower and higher
exposure doses on different samples.
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Figure 5.5: Normalised resistance as a function of wavelength between 310 and 390 nm
before (purple) and after (blue) an exposure dose of 147 Jcm−2. A lamp power of 50
µWcm−2 was used at T = 10 K.

5.3.1 Spectral response and wavelength dependence

The spectral response of photoconductivity at 10 K before and after 147 Jcm−2 (12 hours)
of broadband UV exposure, is shown in figure 5.5 (normalised to the resistance at 310 nm
before exposure). Before exposure a spectral response similar to that shown previously
in section 4.1 is observed, however after the exposure two key changes to the spectrum
occur. Firstly a measurable photoconductivity is observed when the sample is illumin-
ated with sub band-gap energy photons, in contrast with the unexposed sample which
shows a sharp cut off at the band gap. The broadening of the spectral response indicates
that states within the band gap have been created by the UV exposure, allowing new
optical transitions with lower that band gap energies to take place. These in-gap states
have previously been shown to mediate the creation of free carriers by a two photon
absorption process [134], leading to a sub-gap photocurrent. Secondly after exposure the
resistance is found to be lower for all wavelengths used to illuminate the sample and that
the increase in photoconductivity is largest at shorter wavelengths. Since the penetra-
tion depth of the light is smaller for shorter wavelengths this implies the enhancement in
photoconductivity is largest near to the surface.
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Figure 5.6: Normalised conductance as a function of wavelength between 310 and 450 nm
(top), extracted parameters from a stretched exponential fit (bottom left), and the rate
of decay after 0.1, 1, 10, and 100 s of the shutter closing. The sample was illuminated
with a lamp power of 50 µWcm−2 at T = 10 K

93



Chapter 5. Optically Induced Persistent Photoconductivity

To investigate this further the persistent photoconductivity as a function of wavelength
was also measured by illuminating the samples for five minutes, then closing the shutter
and measuring the decay in photoconductivity for ten minutes. Figure 5.6 (top) shows
the normalised persistent photoconductivity as a function of wavelength, the extracted
parameters from a stretched exponential fit (bottom left), and the calculated rate of de-
cay (bottom right).

Firstly a clear separation of wavelengths above (310, 330, 350, 370 nm) and below (390,
410, 430, 450 nm) the band gap is observed in the normalised conductivity, the below
band gap illumination leading to much longer lifetimes and a larger stretching para-
meter. In contrast above band-gap light shows a more rapid initial decay followed by
much slower tail, i.e. a less exponential decay with a smaller stretching parameter. A
similar relationship between λ, τ , and β was observed in the persistent photoconductivity
in LAO/STO [156].

Within the above band gap light the lifetime is largest for 310 nm illumination (≈ 100
s) and smallest for 370 nm (≈ 0.5 s), both are much larger that the lifetimes of stoi-
chiometric STO at this temperature (for example see figure 4.3), the trend of surface
enhancement in lifetime is similar to that seen in the spectral response shown above.
This change in lifetime is also accompanied by a reduction in the stretching parameter
from 0.16 to 0.09, i.e. the decay is less exponential at 370 than 310. Consequently despite
the dramatic difference in lifetime, the rate of decay is actually very similar on longer
timescales, for example after 100 seconds the rate of decay is approximately 0.3 Ωs−1

for both wavelengths. This disparity between the rate of decay on shorter and longer
timescales can be explained if the lifetime of carriers is dependent on the depth that
they are generated within the sample. The initial behaviour of the decay is dominated
by bulk carriers with short lifetimes recombining quickly, whereas the behaviour of the
decay on long timescales is dominated by the surface where carriers have longer lifetimes
(either because of minority carrier trapping localised to the surface or by charge separ-
ation due to a potential well at the surface). This scenario could explain the difference
in initial decay rate and the similarly in longer timescale behavior of 310 and 370 nm light.

As well as comparatively longer lifetimes, the persistent photoconductivity of below band
gap light also has much larger stretching parameters (≈ 0.4 for 410, 430, and 450 nm) as a
consequence of not showing the rapid initial decay seen in above band gap light. Instead
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the rate of decay changes more slowly, crossing over from slower to faster than above band
gap light after around 10 seconds of decay. Since below band-gap light does not have
sufficient energy to promote electrons directly from the valance to the conduction band all
of the carriers must be created via a defect level. The dependence of the equilibrium and
persistence photoconductivity on wavelength discussed above indicates that these defects
must be located close to the surface of the sample and therefore carriers generated by
below band gap light must also be initially located near to the surface where the lifetime
is largest. Furthermore the generation of carriers via a defect level is less efficient than
band to band generation, leading to a smaller number of photocarriers which would also
result in a longer lifetime (see section 5.3.2). The observation of photoconductivity at
wavelengths as large as the 450 nm, the longest monochromatic light accessible by the
xenon lamp used in this work, indicates that the induced defect state must be at least
0.5 eV within the bandgap.

5.3.2 Illumination time and power dependence

Persistent photoconductivity as a function of lamp power was measured by illuminating
the sample with 310 nm light until the photoconductivity saturated, then closing the
shutter and allowing the photoconductivity to decay for approximately ten minutes. The
power was varied over four orders of magnitude from 0.1 % to 100 % of 50 µWCm−2.
Figure 5.7 shows the normalised persistent photoconductivity as a function of lamp
power (top left), the rate of decay (bottom left), the extracted fitting parameters from
a stretched exponential fit (top right), and the resistance as a function power after 60
seconds of illumination and after saturation (bottom right).

A striking feature of the persistent photoconductivity is a decrease in lifetime from ap-
proximately 4000 seconds at a relative power of 0.1 % to 150 seconds at a relative power
of 100 %. The large decrease in lifetime is, however, accompanied by a substantial de-
crease in the stretching parameter from 0.29 at a relative power of 0.1 % to 0.15 at 100
%. Together these correspond to a more rapid initial decay for higher lamp powers but a
similar rate of decay for all powers on longer timescales. Physically this could be attrib-
uted to a larger density of excess un-trapped carriers when the carrier generation rate
is higher, due to saturating a finite density of traps. These excess carriers would have a
much shorter lifetime than trapped carriers and decay quickly reducing the average life-
time at higher powers, however once they had recombined the rate would be determined
by the recombination of trapped carriers and the lifetime would become larger.
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Figure 5.7: Normalised persistent photoconductivity as a function of lamp power (top
left), extracted parameters from a stretched exponential fit (top right), the rate of decay
(bottom left), and the resistance after 60 seconds of illumination (purple) and saturation
(blue). A relative power of 100 corresponds to 50 µWCm−2, the wavelength used was
310 nm, T = 10 K.

Figure 5.7 (bottom right) shows the resistance as a function of relative power, measured
after 60 seconds of illumination (purple) and after the saturation had been reached (blue).
Firstly it can be seen that the two lower relative powers (0.1 % and 1 %) do not lead
to a saturation in photoconductivity after 60 seconds, in fact at 0.1 % an illumination
time of around one hour was required to saturate the photoconductivity. In nominally
stoichiometric STO the photoconductivity was found to be approximately linear in gen-
eration rate (for example see figure 4.3), meaning that the lifetime was not dependent
on the density of carriers. In contrast, after UV irradiation, the power dependence of
resistance is much smaller, with the saturated photoconductivity varying by less than
an order of magnitude over four orders of magnitude of power, again pointing towards a

96



5.3. Probing the optically induced state

density dependent lifetime.

The relationship between the build up and decay of photoconductivity, and the illu-
mination dose was investigated further by systematically measuring persistent photo-
conductivity as a function of illumination time. Figure 5.8 (top) shows the build up of
photoconductivity over approximately five minutes of illumination using a small norm-
alised power of 1 % (grey line) and the decay of photoconductivity after the shutter has
been open for varying intervals between 23 and 168 seconds.

The longer the sample is illuminated for, the larger the lifetime is found to be, varying
from approximately 40 to 1200 seconds. However, in contrast to the two previous sets of
results a significant change in the stretching parameter is not observed, initial falling from
0.31 to 0.28 between 23 and 115 seconds of illumination, consistent with a broadening of
the distribution of occupied trap states, but remaining the same thereafter. Consequently
the rate of decay is always higher on any timescale for shorter illumination times, an in-
dication that fewer carriers are trapped (shown in figure 5.8, bottom left).

5.3.3 Temperature dependence

Persistent photoconductivity as a function of temperature was measured by illuminating
the sample with 310 nm, 50 µWCm−2 light until the photoconductivity saturated, then
closing the shutter and allowing it to relax for ten minutes, or for as long as possible
for more rapid decays (i.e above 30 K). Figure 5.9 shows the build-up (top) and decay
(bottom) of photoconductivity between 7.5 and 37.5 K. Figure 5.10 show the analysis of
this data; the rate of decay as a function of time, the fitting parameters from a stretched
exponential fit, the resistance as a function of temperature after 300 s of build-up, and
an Arrhenius plot of the rate of decay.

It can be clearly observed that increasing the temperature suppresses persistent photo-
conductivity, the lifetime decreasing quickly from ≈ 850 s at 7.5 K to around than 1 s
at 30 K. The functional form of this reduction in lifetime is approximately exponential
in temperature, a best fit is shown in figure 5.10 (bottom left). Between 7.5 and 20 K
the stretching parameter shows a small, approximately linear, increase from 0.2 to 0.24,
followed by a peak in β, reaching 0.34 at 25 K before falling to 0.2 again at 30 K. This can
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Figure 5.8: The build up (grey) and decay (rainbow) of photoconductivity as a function
of illumination time (top), extracted parameters from a stretched exponential fit (top
right), the rate of decay (bottom left). The sample was illuminated with a low power of
0.5 µWCm−2 to ensure a slow build up of photoconductivity, the wavelength used was
310 nm, at T = 10 K.
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also been seen in the resistance curves, where the decay for 27.5 and 30 K show a more
stretched decay, i.e. initially rapid followed by a much slower tail, as compared with the
decay at 25 K. Indeed in the rate of decay (5.10 top left), there is a cross-over between
30, 27.5, and 25 K, the decay becoming faster for lower temperatures after around 200 s.
Furthermore the build up of photoconductivity shows a similar small deviation from the
typical behavior at both 27.5 and 30 K, where the resistance is initially higher and the
build up rate is larger to compensate for this.

In a simple model of persistent photoconductivity where minority carriers are thermally
freed from a single trap level, with negligible re-trapping the lifetime can be expressed as

1
τ

= Ncβn exp
(
− Ea
kbT

)
, (5.3)

where Nc is the density of states in the conduction band, βn is the electron capture coef-
ficient, and Ea is the depth of the trap with respect to the valence band. Therefore the
gradient of an Arrhenius plot of ln(τ) against 1

T
is equal to Ea

kb
, this is shown in figure

5.10 (top right). Perhaps unsurprisingly the straight line characteristic of Arrhenius-type
thermal activated de-trapping from a single level is not observed, indicating that the
decay originates from a more complex process than this .

Physically this corresponds to a slower than expected variation in lifetime as a function
of temperature, τ ∝ exp(−T ) instead of τ ∝ exp( 1

T
). In some semiconductors the rate

of recombination is also related to the mobility of the carriers, a larger mobility leading
to more frequent encounters of electrons and holes and therefore quicker recombination
[136,137]. The rate is often described by the Langevin model [138]

R = kLnp, (5.4)

where n and p are the densities of electrons and holes respectively, and kL is given by

kL = eµ

εε0
(5.5)

where µ is the combined mobility of electrons and holes and ε is the dielectric constant. In
STO the mobility of photogenerated electrons has previously been shown to be around 10
times higher at 7.5 K compared with 30 K [22], consequently this could lead to two com-
peting effects on the lifetime as a function of temperature. Firstly thermal de-trapping
of the minority carrier which increases as the temperature is raised, leading to quicker

99



Chapter 5. Optically Induced Persistent Photoconductivity

Figure 5.9: The build up of photoconductivity over five minutes (top) and the persistent
photoconductivity (bottom) between 7.5 and 37.5 K. 310 nm, 50 µWCm−2 light was used
to illuminate the sample.
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Figure 5.10: The rate of decay as a function of temperature (top left), extracted para-
meters from a stretched exponential fit (bottom left), an Arrhenius plot of ln(τ) against
1
T

using the lifetime from the fit (top right), and the resistance after five minutes of
illumination (bottom right).

recombination. Secondly the mobility of photocarriers which decreases as the temperat-
ure is raised, leading to slower recombination.

Using data for the dielectric constant from muller et al. [128] and mobility from Kozuka
[22] the Langevin recombination rate as a function of temperature was estimated. Due
to the increase in the dielectric constant at lower temperatures, which increases the cap-
ture radius, the effect of a changing mobility is largely canceled out and adjusting the
rate previously used in the Arrhenius plot to include the addition Langevin term does
not make a significant difference to the functional form. It is therefore unlikely that the
non-Arrhenius behavior is due to a change in mobility.

Another possible explanation of this behavior is that a range of activation energies exists
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as apposed to detrapping from a single level. A non-Arrhenius temperature dependence
of lifetime, with a functional form similar to that shown in figure 5.10 has previously been
observed in LAO/STO heterostructures [157, 160], which was attributed to electrons es-
caping the interfacial potential well. Given the similarly of the data it is plausible that
the same mechanism could responsible for the persistent photoconductivity shown here,
with the potential well at the surface caused by positively charged defects, such as oxygen
vacancies, or adsorbents.

Another key feature is the change in resistance as a function of temperature (5.10 bottom
right), which increases exponentially. The photoconductivity is well fitted to the equation,

ln(ρ) = −0.12T − 4.3. (5.6)

Although an exponential temperature dependence has been previously measured at very
low temperatures, both in this thesis and elsewhere [22] (see figure 4.2), a rapid increase
in resistance centered at ≈ 35 K is also observed [105]. In chapter 4 this was attributed
to an increase in the free electron lifetime, due to hole trapping by an sensitizing level,
likely to be strontium vacancies. It has been suggested that above ≈ 35 K the sensitizing
level is thermally quenched, ceasing to effectively trap holes [101, 105]. However a rapid
increase in the rate of recombination is clearly absent in the temperature dependence of
resistance present here after UV exposure, which remains exponential at least as high as
50 K. This implies that the sensitizing level is no longer the cause of long lived electrons
after exposure.

5.3.4 Stability and reversibility

The longevity of the induced state was investigated by leaving the sample unilluminat-
ing between measurements for five days at approximately 5 K. Before and after this the
persistent photoconductivity was measured by illuminating the sample with 310 nm, 50
µWCm−2 light at 10 K until the photoconductivity saturated, then closing the shutter
and measuring the decay in conductivity, this is show in figure 5.11 (bottom). After
five days with no illumination the equilibrium photoconductivity is ≈ 10 % smaller and
the decay persistent photoconductivity faster, although both remain comparable to when
measured immediately after exposure and long lived persistent photoconductivity is still
observed. This indicates that, provided the sample is kept at low temperature and in
vacuum, the rate of recovery of the sample to its original state is low.
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Figure 5.11: Persistent photoconductivity before (blue) and after (yellow) a thermal
cycle to 150 K (top) and persistent photoconductivity before (blue) and after (yellow)
five days in the dark at approximately 5 K (bottom). 310 nm, 50 µWCm−2 light was
used to illuminate the samples at T = 10 K.
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Following this the sample was thermally cycling to a maximum temperature of around
150 K for approximately five hours, the temperature profile of this is shown in the inset of
figure 5.11(top). Again the persistent photoconductivity was measured before and after
thermal cycling by illuminating the sample with 310 nm, 50 µWCm−2 light at 10 K until
the photoconductivity saturated, then closing the shutter and measuring the decay in
conductivity, this is show in figure 5.11 (top). The thermal cycle completely removes the
induced persistence photoconductivity with the sample increasing in resistance to several
MΩ�−1 in only a few seconds, and the equilibrium photoconductivity returning to its
original unexposed value.

Two potentially significant temperatures are crossed during this thermal cycle which may
be related to the recovery of the sample to its original irradiated state, the boiling point
of oxygen (90 K) and the cubic-tetragonal phase transition of STO (105 K) [6–8]. In
the previous studies of UV induced defects in STO outlined in section 5.1, oxygen was
found to reverse the effect of exposure, though to be due to oxygen filling vacancies which
had been induced at the surface of the sample. When the temperature of the probe is
increase above 90 K, oxygen which had previously been frozen onto the inside of the
vacuum can becomes gaseous increasing the oxygen partial pressure and allowing it to
recombine with vacancies in the sample. If the origin of persistent photoconductivity is
indeed oxygen vacancies then raising the probe temperature above 90 K would lead to a
refilling of vacancies restoring charge neutrality to the surface removing persistent pho-
toconductivity. However along with increasing the partial pressure of oxygen thermally
cycling to 150 K also causes the STO to pass through the cubic-tetragonal phase trans-
ition. Thermally cycling through this transition has previously been associated hysteric
transport in STO [163] and LAO/STO [164, 165], though to be due to the reordering of
oxygen vacancies around domain walls.

Due to the design of the probe used for this experiment favoring high cooling power tem-
peratures in excess of ≈ 70 K could not be reached by heating the sample stage alone.
Instead the whole probe had to be lifted inside the dewar so that it was no longer im-
mersed in liquid helium. This method made precise control of the sample temperature
difficult, meaning that the cubic-tetragonal phase transition and boiling point of oxygen
could not be distinguished experimentally. However given the previous evidence for oxy-
gen erasing the photoinduced state the softening of the cryogenic vacuum seems the more
likely of the two possibility to be responsible for removing persistent photoconductivity.
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5.4 Conclusion

The work presented in this chapter details the observation of optically induced persistent
photoconductivity in STO, motivated by previous work indicating that oxygen vacancies
can be created by exposure to high intensity UV light [135, 147, 148, 150, 153]. In this
chapter broadband UV exposure has been shown to induce persistent photoconductivity,
with the lifetime of the photocarriers increasing as the exposure dose is made progress-
ively larger. The persistent photoconductivity can be completely removed by thermally
cycling to 150 K suggestive that exposure to oxygen reverses the UV exposure.

The persistent photoconductivity is found to decay faster when longer, more deeply pen-
etrating, wavelengths are used to probe the photoinduced state, compared with shorter,
more surface sensitive, light. This is similar to the wavelength dependence observed in
both Ar+ irradiated STO and LAO/STO heterostructures [156], and indicates that the
persistent photoconductivity occurs near to the surface, rather than in the bulk. A broad-
ening of the spectral response is also observed with photoconductivity measured when
illuminated with 450 nm light, meaning that optical transitions with at least 0.5 eV less
energy than the band gap can occur, suggestive that an in-gap state has been created by
UV exposure. This is again similar to the spectral response of Ar+ irradiated STO and
LAO/STO heterostructures [156], where the sub-gap photoresponse was attributed to a
two photon absorption process via an oxygen vacancy defect level. The lifetime is also
found to be dependent on temperature, the rate of decay being ≈ 103 times larger at 30
K compared to 7.5 K. However it does not follow an Arrhenius-like temperature depend-
ence, indicative of a range of activation energies rather than detrapping from a single level.

Collectively these results suggest that the origin of persistent photoconductivity is the
spatial separation of electrons and holes by surface band bending due to a positively
charged defect, shown schematically in figure 5.12. In the ARPES measurements out-
lined in section 5.1 oxygen vacancies were shown to be responsible for the band bending,
however in this work the STO was exposed with much smaller photon energies of 3-5
eV, than previously used in ARPES measurements (≈ 55 eV). The photons used in this
experiment do not have sufficient energy to cause core hole Auger decay, which was shown
to be the mechanism by which oxygen vacancies were created by McKeown Walker et
al. [149]. However results from Mochizuki et al. [135] suggest that oxygen vacancies can
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Figure 5.12: A schematic representation of photoinduced band bending leading to the
spatial separation of electrons and holes. Optical transitions are represented by red
arrows; transition 1 represents normal intrinsic adsorption in the bulk and transition 2
represents two photon adsorption via a defect level at the surface.

be formed by photon energies as low as 3.8 eV, furthermore the photodesorption of lattice
oxygen by just above band-gap light has been has been reported in zinc oxide [166–168]
and titanium oxide [169]. The photodesorption of surface absorbed molecular oxygen
has also been reported to cause optically induced persistent photoconductivity in both of
these materials [170–172], in these cases the mechanism of persistent photoconductivity
is though to be the extraction of holes from the substrate by negatively charged adsorbed
oxygen, which is subsequently freed from the surface. In air this results in an adjustment
of the balance of absorption and desorption, however in vacuum the desorbed oxygen is
pumped away and the decay in photoconductivity is negligible until air is reintroduced
to the chamber [166]. However the situation is somewhat different in the UV exposed
STO shown here, as the persistent photocarriers can be removed by both optical and
thermal quenching without removing the optically induced defects themselves (which re-
quire higher temperature thermal cycling to remove).

Given the similarity of the results presented in this chapter to the persistent photocon-
ductivity of Ar+ irradiated STO (see chapter 4) and to LAO/STO heterostructure were
oxygen vacancies have been deliberately introduced [160], it seems most likely that the de-
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fects are oxygen vacancies. Other effects such as photo-catalytic water splitting [173,174]
producing positively charge hydrogen at the surface [175], similar to the so called water
cycle mechanism proposed by Bi et al. [176] to explain the induced conductivity by con-
ducting AFM writing at LAO/STO interfaces [177], cannot however be ruled out.
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Chapter 6

Optically Tunable Superconducting
Devices

In this chapter results are presented for optically tunable superconducting-semiconducting
hybrid devices. Junctions are composed of superconducting niobium and a photosensit-
ive strontium titanate gap, with and without a metallic interlayer. Although no devices
become fully superconducting a potential future route to realising optically tunable
superconducting-semiconducting hybrid Josephson junctions is discussed.
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6.1 Background and motivation

6.1.1 Superconducting-semiconducting Josephson junctions

Superconducting-Semiconducting hybrid Josephson junctions (S/Sm/S) host a myriad
of interesting behaviour and may prove practically useful for there potential application
in quantum computing [178] and opto-electronic devices, for a recent review see [179].
There are several examples of S/Sm/S Josephson junctions based around semiconductors
such as Ge/Si nanowires [180], GaAs [181], and possibly the most extensively studied
InAs [182–188]. Recently there has been significant interest in both InSb and InAs
nanowire junctions as a growing body of evidence suggests they may host Majorana fer-
mions [189–196]. For example, Rokhinson et al. [197] observed a doubling of the Shapiro
step size in InSb nanowire Josephson junctions when a magnetic field was applied in the
plane of the nanowire to break the degeneracy between up and down spins. This change
in the periodicity of to the Josephson equation (equation 2.39) from 2π to 4π is a key
experimental signature of Majorana fermions [198].

Typically the carrier density of the semiconductor in S/Sm/S junctions can be tuned with
a gate voltage [199, 200], however as early as 1968 Giaever [201] showed that it was also
possible to tune devices optically. He measured Pb/CdS/Pb devices which did not show
any supercurrent in the dark but found that it was possible to turn the Josephson effect
on by exposure to light, indicating that the coupling between the superconductors could
be enhanced when illuminated. Shortly after this Andreozzi [202] et al. also found an
optically tunable supercurrent in In/CdS/In junctions. Later in indium doped PbSnTe
devices with Pb/In superconducting electrodes Takaoka et al. [203] showed that the ori-
gin of the optical tuneability was both an increase in the normal state coherence length
ξN due to an increased carrier density and a reduction in the interface barrier increasing
the probability of Andreev reflection, with increasing illumination intensity. In probably
the most comprehensive investigation of optical tuning Schäpers et al. [204] measured
Josephson junctions fabricated from Nb electrodes and an InGaAs 2DEG. They found
that the critical current of the junctions could be increased by as much as 25 % by ex-
posure to light accompanied by a reduction of the normal state resistance of the junction
due to photocarriers. Also investigating Nb/InGaAs/Nb junctions Akazaki et al. [205]
found that when illuminated with longer wavelength light negative photoconductivity (a
reduction in carrier density, for example see section 4.3) was observed. However des-
pite reducing the carrier density of the bare 2DEG by ≈ 20 % they found that the
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Figure 6.1: A schematic of the Nb/STO/Nb photo-tunable junctions, the current is
indicated by the red arrow.

junction resistance was decreased and that the interface transparency was larger. This
suggests that the effects of increasing the coherence length and decreasing the interface
barrier can be tuned separately by wavelength dependent measurements. More recently
Tsumura and coworkers have realized optically tunable semiconducting Josephson junc-
tions in GaAs/AlGaAs 2DEGs [206,207] and in monolayer graphene [208]. Optical tuning
of the coupling between two superconductors separated by a photosensitivity semicon-
ducting layer, can be done continuously, reversibly, and in real time, and is therefore an
attractive alternative to conventional tuning, such as changing the electrode spacing, in
both single junctions and Josephson junction arrays [209–213].

6.1.2 This work

The strong photoconducting response in STO at low temperature makes it an excel-
lent candidate for the photosensitive element of optically tunable S/Sm/S Josephson
junctions, potentially with an unprecedented degree of optically tuneability. However ex-
amples of STO based Josephson junctions are rare and have only been realized in all oxide
devices where STO forms both the superconductor and insulating barrier, by modulating
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the carrier density with a gate voltage [214]. Even without optical tuning therefore, this
field remains in its infancy.

The broad aim of this work is to make the first steps in achieving highly optically tunable
STO based Josephson junctions, by fabricating niobium (Nb) superconducting electrodes
separated by a small STO barrier, this is shown schematically in figure 6.1. By varying
the intensity and wavelength of illumination the carrier density and thickness of the sheet
of electrons coupling the two superconductors can be continuously tuned. The semicon-
ducting band gap of STO is, of course, much larger than the superconducting gap of Nb,
in fact by a factor of ≈ 1000. Consequently any light which can generate carriers in the
STO will also create excited single particle states in the Nb, suppressing superconductiv-
ity. Results present here show that the suppression of Tc is small even at relatively high
intensities, and therefore is not prohibitive.

In this chapter representative data from several types of devices based around super-
conducting Nb and photo-tunable STO are presented. Firstly the simplest Nb/STO/Nb
devices, then devices with a metallic interlayer, namely aluminum and titanium
(Nb/Al/STO/Al/Nb, Nb/Ti/STO/Ti/Nb).

6.1.3 Summary of fabrication methods and measurements

A detailed description of the fabrication of devices is given in section 3.1, however a brief
summary for the particular devices featured in this chapter is given here.

The niobium films used to fabricate these devices were grown by Angelo di Bernardo at
the department of material science and metallurgy, Cambridge university. The 7.5 nm
transparent niobium shown in section 6.4 was grown by Daniel Chaney in the physics
department, Bristol university. The first set of junctions (section 6.2) were made by
optical lithography and reactive ion etching for the large features and focused ion beam
etching for the gaps. The remaining devices were fabricated in a one step electron beam
lithography procedure using ma-N resist and reactive ion etching.
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6.2 Nb/STO/Nb planar junctions

Figure 6.2: An SEM image of the device measured in this section, a characteristic meander
in the wire due to diffraction during optical lithography can be seen.

In this section results are presented for a Nb/STO/Nb junction fabricated by optical
lithography (the mask design is shown in figure 3.7) and focused ion beam etching, an
SEM image of the device is shown in figure 6.2. The results shown here are for the smal-
lest gap that was achieved ≈ 60 nm, however qualitative similar results were found for
larger gaps, across different samples.

R(T ) curves as a function of power using 310 nm light (top) and wavelength at a power of
≈ 50 µWcm−2 (bottom) between 4 and 12 K, are shown in figure 6.3. A superconducting
transition of the Nb electrodes occurs at a critical temperature of ≈ 8 K, which is not
suppressed substantially even by high powers (≈ 50 µWcm−2) of illumination. However
the device does not become fully superconducting for any combination of power and
wavelength. The most striking feature of this data is the unusual shape of the supercon-
ducting transition, which shows a peak in resistance at the Tc of the Nb electrodes and,
for powers exceeding ≈ 6 µWcm−2 negative resistance when the Nb electrodes are in the
normal state.
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Figure 6.3: R(T )s for a 60 by 2000 nm STO gap as a function of power (top) using 310
nm light and wavelength using a power of 50 µWcm−2 (bottom).
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6.2. Nb/STO/Nb planar junctions

Figure 6.4: Two point (purple) and four point (blue) resistances of a Nb/STO/Nb junction
illuminated with ≈ 0.5 µWcm−2 of 310 nm light (top), the geometry of the contact pads
used in the device in section 6.2 (inset), and a schematic of the current path illustrating the
difference between the current paths in the normal and superconducting state (bottom).
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This jump in resistance at the superconducting transition of the electrodes was observed
ubiquitously across all devices that were measured, regardless of the fabrication method
(EBL or FIB-OL), batch of Nb growth or size of devices. However the functional form
of the jump was found to depend the geometry of the contact pads and wires used. In
particular negative resistances in the normal state were only found in devices where the
contact pads and wires were fabricated using the mask design shown in figure 3.7, such as
the device presented in section 6.2. Whereas devices made by EBL (shown schematically
in figure 6.4 bottom) showed the same peak in resistance at the critical temperature of
the niobium but the normal state resistance did not become negative, data for devices
using this geometry are shown in section 6.3.

To investigate this unusual behaviour further the two and four point resistances of the
device were measured, this is shown in figure 6.4 (top). When the Nb contact pads and
wires to the device are superconducting the two and four point resistances are almost
equal (the two point resistance is ≈ 5 Ω s large which is due to the resistance of the wires
between the sample holder in the probe and the nano-voltmeter). However there is a
much larger difference (≈ 1000 Ω s) between the two and four point resistances when the
Nb is in the normal state. Consequently when a two point measurement of the supercon-
ducting transition is made the typical behavior that would be expected (i.e. a drop in
resistance) is observed, wheres the four point measurement shows a peak in resistance.
This is indicative of the four point measurement not giving an accurate reflection of the
voltage when the niobium is in the normal state.

This inaccuracy can be explained by considering the path of the current through the
sample. When the Nb wires and contact pads are superconducting any contribution of
conductivity from the substrate is simply shorted out and all of the current passes through
the device. However when the Nb is in the normal state some of the current is carrier by
the substrate, directly between the current contacts and misses out the device altogether,
this is shown schematically in figure 6.4. Consequently when the Nb is in the normal
state a smaller voltage is measured across the device, making the resistance appear to
be lower than it actually is, in a four point measurement. As all of the current will pass
through the device when the Nb is superconducting a jump in resistance at Tc appears.
In a two point measurement both substrate and device contributions to the conductivity
are measured and the correct, larger, resistance is observed and a typical superconduct-
ing transition is appears. Since the resistance of the Nb wires is not photosensitive the
ratio of substrate to device conductivity will be larger for a higher illumination intensities.
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Alongside a peak in resistance the devices measured in section 6.2 also show a negative
resistance in the normal state when a sufficiently high illumination power is used (see
figure 6.3). This is in contrast to the devices presented in section 6.3 which show a peak
in resistance at Tc but no negative resistance. This difference can be explained by con-
sidering the difference in geometry of the contact pads used in the two types of device,
resulting from the different methods of fabrication. In section 6.2 devices were produced
by a two stage FIB and optical lithography procedure (described in detail in section 3.1)
whereby a set of 31 wire and contact pads were defined, before gaps were etched into
a central wire of niobium with current and voltage wires perpendicular to this, rather
than the simpler one stage EBL devices presented in section 6.3 (shown schematically in
figure 6.4 bottom). As a result of this adjacent contact pads had the opposite polarity
i.e. V +I−, V −I+ were paired, this is shown schematically in the inset of figure 6.4 (top).
Therefore in this case when a significant percentage of the current is carried by the STO
substrate rather than the Nb wires, the result is effectively a pseudo-four point measure-
ment of the substrate with the incorrect polarity. Consequently when high illumination
powers are used and the conductivity is dominated by the substrate the sample appears
to have a negative resistance.

The spectral response of the junction measured at T = 5 K (shown in figure 6.5 top left)
gives values of sheet resistance consistent with those previously measured in nominally
stoichiometric samples between 310 and 370 nm (see figure 4.1 for example). However a
deviation from stoichiometric behaviour is observed when the device is illuminated with
380 and 390 nm light. At 380 nm the sheet resistance is larger than in stoichiometric
samples by a factor of approximately 10. Whereas at 390 nm the sheet resistance is
≈ 300 kΩ�−1, as compared with stoichiometric samples where no photoconductivity
is measured. Alongside this a dark resistance of ≈ 400 kΩs across the device is also
observed. The build up and decay to and from this dark resistance is however relatively
rapid, reaching equilibrium in around 60 s similarly to stoichiometric samples, indicating
that photocarriers do not become trapped (shown in figure 6.5 top right). The sub-gap
photoconductivity and dark conductivity is likely due to damage by the FIB milling of
the surface, which is know to occur in STO [215,216]. The rapidity of recombination and
similarly of above-gap spectral response as compared with bulk STO samples indicates
that the imperfections responsible for the enhancement in dark conductivity do not act
either as a minority carrier trap, or as an efficient recombination center. The broadening
of the spectral response does however imply that some in-gap state or states are present
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and mediate the absorption of sub-gap light. Although FIB-induced oxygen vacancies
could explain the increased dark conductivity, they have previous been shown [117, 120,
121] to trap holes and lead to persistent photoconductivity, it is therefore unlikely that a
significant density are present. The smaller dark conductivity could, however, be due to
implanted Ga+ ions or to redeposited Nb. IVs were measured as a function of wavelength
and lamp power, shown in figure 6.5, however no supercurrent Ic > 10 nA was observed.

Figure 6.5: The spectral response of the device at T = 5 K using a power of 50
µWcm−2(top left), the build up and decay of photoconductivity of the device at T =
5 K using a power of 6.7 µWcm−2 and wavelength of 310 nm (top right). The IV char-
acteristics for the device as a function of power (bottom right) and wavelength (bottom
left) at T = 4 K.
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6.3 Junctions with a metallic interlayer

Figure 6.6: Schematics of the bilayer films grown on STO.

In many semiconducting Josephson junctions the interface transparency is low which, as
shown by Blonder, Tinkham, and Klapwijk reduces the probability of Andreev reflec-
tion and therefore suppresses the Josephson effect [80–82]. However superconducting-
semiconducting interfaces with near unity transparency can be fabricated, for example
between niobium and InAs [187,217,218] as well as with other superconducting electrodes
such as aluminum [219] or tantalum [220]. This can be achieved by growing the semi-
conductor and superconductor in-situ [221, 222] or by argon milling the surface of the
semiconductor before depositing a metallic layer, such as titanium or palladium, between
the semiconductor and superconductor [223,224].

In section 6.2 devices made from Nb films on STO did not show the Josephson effect, a
potential cause of this could be poor interface transparency. Consequently devices with
a metallic interlayer were made, in an effort to improve the interface transparency. Here
results are presented for devices fabricated from films of niobium with 5 nm layers of
titanium and aluminum between the superconducting niobium layer and the insulating
STO substrate (shown schematically in figure 6.6).

6.3.1 Aluminum interlayer

In this section data for devices fabricated from a Nb/Al bilayer film on an STO substrate
is presented. Due to the additional wet etching required to remove the aluminum, a
thicker layer of photoresist was used during fabrication, consequently the size was ulti-
mately sightly larger than in single layer devices. Data for a 200 nm Nb/Al/STO/Al/Nb
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device (an SEM image is shown in figure 6.8) and a continuous 1 µm wire of Nb/Al on
STO are presented below.

R(T ) curves as a function of power, using 370 nm light, and wavelength, at a power of ≈
50 µWcm−2, between 4 and 10 K are shown in figure 6.7. Similarly to the device shown
in section 6.2 the Nb electrodes become superconducting at a critical temperature of just
over 8 K at low lamp powers, suppressed to around 6.5 K at a power of ≈ 220 µWcm−2

(the maximum power used is this section is larger than in section 6.2 as 370 nm light is
used). This reduction in Tc is reflected in the 1 µm wire (figure 6.8 top right) as well as
a reduction in the size of the transition as the illumination intensity is increased and the
substrate becomes more conducting. Once again a peak in resistance at the Tc of the Nb
electrodes is observed, although it is much smaller than in section 6.2 as the geometry
of the contacts (the same as shown in figure 6.4) is such that the change in the current
path is less extreme and does not lead to a negative resistance. IVs were measured as
a function of wavelength and lamp power, shown in figure 6.8, however no supercurrent
Ic > 10 nA was observed at T = 4 K.

The spectral response of the device measured at 5 K is shown in figure 6.8 (bottom left).
Making a simple approximation of the current being homogeneous through a rectangle of
1 µm by 200 nm, the values of sheet resistance are found to be larger by approximately
a factor of 2 than those previously measured in stoichiometric samples, between 310 and
370 nm (see figure 4.1 for example). The normalised spectral response is, however, similar
to that found in stoichiometric STO indicating that the reduction in photosensitivity is
unrelated to the sheet thickness of the photocarriers. After the shutter was closed the
photoconductivity was found to initially decay rapidly, the resistance increasing by two
orders of magnitude in < 5 s, shown in figure 6.8 (top right). However after the initial
decay a much slower tail was observed, indicative of a small density of hole traps which
do not have a significant effect on the photosensitivity at high generation rates.
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Figure 6.7: R(T )s as a function of power (top left) using 310 nm light and wavelength
(top right) using a power of 50 µWcm−2. IV characteristics for the device as a function
of power using 310 nm light (bottom left) and wavelength using a power of 50 µWcm−2

(bottom right) at T = 4 K.
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Figure 6.8: R(T )s as a function of lamp power using 370 nm light for a continuous wire
of niobium on the same sample as the device (top left). The decay of photoconductivity
of the device at T = 5 K using a power of 50 µWcm−2 and wavelength of 370 nm (top
right). The spectral response of the device at 5 Kelvin using a power of 50 µWcm−2

(bottom left). An SEM image of the device (bottom right).

When fabrication tests were performed on the same bilayer film (75 nm niobium layer
and 5 nm aluminum) but grown on silicon instead of STO, an SF6 plasma was found to
stop etching on the aluminum layer (consistent with previous reports [94,95]) which was
subsequently removed with a TMAH wet etch (see section 3.1.3.2). However when the
same structures were patterned and etched on STO substrates, it was found that the SF6

etched through both the Nb and Al layers. Depositing thin Al films on STO has recently
been shown to remove oxygen from the surface of the STO and form AlOx, even when
grown at room temperature [225] [226]. This may explain both the anomalous etching of
the Al layer and small persistent photoconductivity, however since no measurable dark
conductivity was observed the density of any oxygen vacancies must be low.
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6.3.2 Titanium interlayer

Figure 6.9: R(T )s (left) and IV’s at T = 4 K (right) as a function of power using 370 nm
light.

In this section data for devices fabricated from a Nb/Ti bilayer film on an STO substrate
is presented. Ti does etch in SF6 so can be completely etched in a single step, however
the etch rate was found to be lower than that of Nb. Consequently and longer etch and
therefore a thicker resist layer was required, as such the smallest Nb/Ti/STO/Ti/Nb
device was ≈ 150 nm wide. Data for this device and a continuous 1 µm wide wire of
Nb/Ti on STO are shown below.

R(T )s between 4 and 11 K and IV characteristic at 4 K as a function of power, using
370 nm light are shown in figure 6.9, left and right respectively. These R(T )s also show
a peak in resistance at the Tc of the Nb electrodes, similar in magnitude to that seen
in section 6.3.2, as both sets of devices have an identical configuration of contact pads.
In contrast to the previous Nb/Al devices however the critical temperature is ≈ 9.1 K,
close to the bulk value. This critical temperature is also suppressed only to around 8 K
at a power of ≈ 220 µWcm−2, 1.5 K higher than for Nb/Al devices. Both the Nb/Al and
Nb/Ti bilayers were grown in the same chamber, on the same day and were patterned and
measured within a week of each other, so this difference in Tc may indicate a increased
proximity effect in the Nb/Al bilayer, which would suppress the Tc of the Nb layer. IVs
were measured as a function of lamp power at 370 nm, shown in figure 6.9, however no
supercurrent Ic > 10 nA was observed at T = 4 K.
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Figure 6.10: R(T )s as a function of lamp power using 370 nm light for a continuous wire of
niobium on the same sample as the device (top left). The spectral response of the device
at T = 5 K using a power of 50 µWcm−2 (top right). The decay of photoconductivity of
the device at T = 5 K using a power of 50 µWcm−2 and wavelength of 370 nm (bottom
left). An SEM image of the device (bottom right).

The spectral response of the device measured at 5 K is shown in figure 6.10 (top right).
The value of the sheet resistance when illuminated with 370 nm light is ≈ 190 Ω�−1

similar to that found in the Nb/Al device which is around twice as large as is found in
stoichiometric STO or the device in section 6.2. Sheet resistances for 330 and 350 nm
light were also close to those previously found in the Nb/Al device, however the value
for 310 nm light is more than 10 times larger at ≈ 13 kΩ�−1. This indicates an increase
in surface localised efficient recombination centers which, given that the STO used here
was from the same batch as the Nb/Al device, have likely been caused either by the
deposition of the Ti or in the additional etching required.

124



6.4. Future work on realising optically tunable junctions

An example of recombination at 5 K, using 370 nm, 50 µWcm−2 light is shown in figure
6.10 (bottom right). The decay in photoconductivity is found to be slow, reaching a sheet
resistance of approximately 2.5 kΩ�−1 in around 60 seconds. The decay can be fitted to a
stretched exponential, with parameters of τ = 0.5 s and β = 0.13. In contrast to previous
measurements of persistent photoconductivity, there is no increase in photosensitivity.
Similarly to Al, the deposition of Ti has also been shown to create oxygen vacancies
at the surface of STO [227], these may be responsible for the increase in photocarrier
lifetime.

6.4 Future work on realising optically tunable junc-
tions

There are several possible reasons that the devices in this chapter do not show any
observable supercurrent. One possibility is that the size of the junctions may simply be
much larger that the normal coherence length of the STO. A simple estimate of this can
be made by calculating the diffusion constant from Einsteins relation [228],

D =
√
µkbT

e
. (6.1)

Using a value for the mobility of ≈ 104 cm2V−1s−1 as previously measured by Kozuka in
photodoped STO [23], a diffusion constant of 3.45 cms−1 is obtained for a temperature
of 4 K. Substituting this value into equation 2.30 yields a normal state coherence length
of ≈ 25 nm at 4 K, somewhat smaller than the minimum junction size measured in this
work. Alternative, or indeed in addition to this problem, the transparency of the inter-
face between the Nb and STO may be be too low, suppressing the probability of andreev
reflection.

A potential route forward to solve these problems is to change the geometry of the
devices from lateral to the more common sandwich type junctions, where a thin film of
STO would be "sandwiched" between two superconducting layers. This would allow a
dramatic reduction is the size of the junction as it is possible to grow STO with atomic
layer precision, much smaller than can be defined and etched lithographically, although
the growth of high quality STO is, of course, difficult. Furthermore the doping of the STO
barrier could be adjusted, so that the carrier density or photocarrier lifetime could be
tuned and the transparency of the interface controlled more careful with in situ deposition.
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Figure 6.11: A schematic of a sandwich Josephson junction with a transparent Nb top
electrode.

This is not, however without its drawbacks. Similarly to section 4.2.2 using chemically
doped STO then photodoping on top of this existing carrier density may seem to be
an attractive option, however again this would severely limit the degree to which the
device could be tune. Furthermore whilst in situ deposition has previously been shown
to improve the transparency of the semiconductor-superconductor interface, if oxygen is
diffusing from the STO into the niobium, as has been observed between aluminum films
grown on STO [229], then the resulting layer of insulating NbOx may be the limiting
factor in improving transparency. Ultimately a different superconducting material or
suitable barrier layers may also be required for sandwich type junctions to be realised.

6.4.0.1 Transparent niobium films

A clear condition for creating tunable sandwich type junctions is the ability to efficiently
tune through the top superconducting electrode, i.e. it must be sufficiently transparent to
UV light that the STO underneath can be photo-doped and that the superconductivity in
the Nb is not completely suppressed. To explore the feasibility of this idea 75 Å, visibly
transparent films of Nb were grown on STO. Substrates of STO were first irradiated with
Ar+ using the same recipe as in section 4.3, to create a thin layer (≈ 20 nm) of oxygen
vacancies, so as to utilize the persistent photoconductivity observed in Ar+ irradiated
STO. Because optically induced carriers are longer lived, on the time scale of hours, ex-
cited single particle states in the Nb relax back into the superconducting condensate far
quicker than the STO does to its dark, equilibrium, state, allowing photocarriers to be

126



6.4. Future work on realising optically tunable junctions

Figure 6.12: R(T )s of the transparent Nb film in the dark (green), with 50 µWcm−2 of
310 nm light (red), and an R(T ) taken immediately after the lamp has been switched
off (purple). The critical temperature (blue) and critical current (red) of the films as a
function of lamp power using 310 nm light, IV measurements were performed at T = 4
K.

added without a suppression in Tc.

The critical temperature and current as a function of lamp power for 310 nm light is
shown in figure 6.11 (right). The dark Tc of the film is ≈ 5.9 Kelvin, close to previous
measurements on Nb films of similar thickness, however the critical current density is
found to be ≈ 100 times smaller than previous reports [230]. The critical temperature
is further suppressed to ≈ 4.9 Kelvin at 90 µWcm−2 of illumination accompanied by a
reduction in the critical current by a factor of ≈ 3. R(T )s for the thin Nb film in the
dark, with 60 µWcm−2, 310 nm light, and in the dark but taken immediately after the 60
µWcm−2 illumination ceased are shown in figure 6.11 (left). The R(T ) taken immediately
after illumination has ceased shows a recovery to the dark Tc, but with the reduction in
the normal state resistance still present. The resistance of the whole sample is reduced by
about 10 %. Using a simple model of two parallel resistors and assuming the sheet resist-
ance of the Ar+ irradiated STO is ≈ 50 Ω�−1 (see section 4.3), and that the resistance of
the Nb is not changed by the light, then the resistance of the STO is reduced by around
20%, only slight less that was previously observed in section 4.3. This indicates that it
is possible to efficiently create carriers in the STO through a 7.5 nm superconducting Nb
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layer.

These initial tests indicate that it may be possible to create sandwich Josephson junction
(shown schematically in figure 6.12), with a thin Nb top layer which is relatively trans-
parent to UV light and retains a reasonably high critical temperature even under high
intensity illumination.

6.5 Summary

In this chapter representative sets of data for STO based photo-tunable devices has been
presented. 60 nm wide Nb/STO/Nb junctions were measured in section 6.2. An unusual
feature of this data is the shape of the superconducting transition, which shows a peak in
resistance at the Tc of the Nb electrodes and for some powers negative resistance when the
Nb electrodes are in the normal state. This was due to the substrate contribution to con-
ductivity being shorted out when the Nb became superconducting. The sheet resistance
of this device was close to that of plain STO for wavelengths of illumination between
310 and 370 nm. Despite showing some dark conductivity, indicating the presence of
defects, the build-up and decay of photoconductivity was rapid similarly to bulk STO
samples. No combination of wavelength and power, however, lead to non-linear IV’s. In
section 6.3 data for devices with a Al and Ti interlayer was presented, as this was thought
to potential improve the interface transparency. However these neither of these device
showed an observable supercurrent Ic > 10 nA.

In section 6.4 a potential future route to realizing optically tunable Josephson junction
in STO has been outlined. Data presented here indicates that it may be possible to make
sandwich junctions with a transparent top electrode by utilizing the persistent photocon-
ductivity in oxygen deficient STO films. The critical temperature of the superconducting
film is found to recover to its dark value much more quickly than the underlying STO
which could potentially be utilised to create a large carrier density in the STO without
suppressing the superconductivity of the thin Nb film.
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In this thesis results have been presented for measurement of photoconductivity in stron-
tium titanate. Four systems have been investigated, stoichiometric STO, SrTiO3−δ, UV
irradiated STO, and niobium/STO superconducting devices.

Results for nominally stoichiometric STO have offered further evidence of a dramatic
increase in photocarrier lifetime below ≈ 35 K, consistent with other recent works. Along
with this linear photoconductivity (γ = 0.94) has been observed up to carrier densities
of ∼ 1018 cm−3 suggesting monomolecular recombination is dominant. When the tem-
perature is reduced further to < 1 K persistent photoconductivity is found to emerge.
The onset of persistent photoconductivity coincides with a large increase in the capture
cross section of a charged defect, indicating that this may be responsible. These data are
supportive of the hypothesis that large photogenerated electron lifetimes are caused by
a sensitizing level with a much larger capture cross section for holes than electrons. The
most likely origin of the sensitizing level is strontium vacancies, however further work is
required to confirm this definitively.

Persistent photoconductivity has also been observed in thin films of SrTiO3−δ, produced
by Ar+ irradiation, as well as the additional non-equilibrium effect of transient negative
photoconductivity. Whilst persistent photoconductivity has previous been observed in
bulk SrTiO3−δ, negative photoconductivity has not been found in any other studies. It
is possible that this is simply due to the illumination intensity being too high in previ-
ous works, as negative photoconductivity is only found to emerge at low light powers.
However other factors, intrinsic to Ar+ irradiated STO (such as the amorphous top layer
creating in-gap states) may also be essential to negative photoconductivity, explain why it
has not previously been seen in bulk samples. Further studies of the relationship between
negative photoconductivity and oxygen vacancies in STO are therefore required to fully
understand this effect.

The work presented in this chapter 5 of this thesis has shown that broadband UV ex-
posure can induce persistent photoconductivity in nominally stoichiometric STO, with
photocarrier lifetimes which can be tuned by the exposure dose. The photoinduced state
can be removed by thermally cycling to 150 K indicating that oxygen plays an important
role in this effect. However if the sample is kept at low temperature and in vacuum the
optically induced state appears to decay negligibly on the timescale of days. The origin
of the photoinduced state is not yet clear, although the formation of oxygen vacancies at
the surface seem to be the most plausible explanation. However the creation of other pos-
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itively charged surface adsorbents, for example by photo-catalytic water splitting, cannot
be ruled out and further experiments are required to clarify this. In previous ARPES
studies intense UV exposure was shown to create oxygen vacancies by core hole Auger
decay. If the origin of the persistent photoconductivity observed in this work is indeed
oxygen vacancies then understanding the mechanism of there creation with lower energy
photons is important question to answer. Furthermore establishing whether or not a
similar photoinduced state can be created in other transition metal oxides is another key
question. Indeed recent ARPES measurements have shown that UV induced oxygen va-
cancies can also be created in potassium tantalate, suggesting that a UV induced surface
state may be more widely applicable. If this is the case then intense UV exposure could
potentially be used as a tool for tuning oxide interfaces and heterostructures.

In the final experimental chapter of this thesis results for STO based photo-tunable
devices were presented, in an attempt to create optically tunable Josephson junctions.
Devices as small as 60 nm were fabricated but no observable supercurrent was found.
However it was also shown that it is possible to tune the STO substrate through a 7.5 nm
layer of superconducting niobium. This opens up a potential future direction for realising
optically tunable sandwich type Josephson junctions, possibly also utilising the long live
persistence photoconductivity which can be induced in SrTiO3−δ.
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