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a b s t r a c t

The liquid crystal mixture E7, based on cyanobiphenyl, has been successfully employed to map electric
field strength and distribution in AlGaN/GaN high electron mobility transistors. Using a transmitted light
image through crossed polarizers the optical response of the liquid crystal deposited onto the surface of
the devices was recorded as a function of source–drain bias, Vds. At a critical voltage of 4 V the preferred
direction of orientation of the long axes of the liquid crystal molecules in the drain access region aligned
with one of the polarizers resulting in reduced transmitted light intensity. This indicates that at this
electric field strength molecule orientation in most of the liquid crystal film is dominated by the electric
field effect rather than the influence of surface anchoring. The experimental results were compared to
device simulations. Electric field strength above the surface at Vds = 4 V was simulated to reach or exceed
0.006 MV/cm. This electric field is consistent with the field expected for E7 to overcome internal elastic
energy. This result illustrates the usefulness of liquid crystals to directly determine and map electric
fields in electronic devices, including small electric field strengths.

� 2014 The Authors. Published by Elsevier Ltd.Open access under CC BY license. 
1. Introduction

AlGaN/GaN high electron mobility transistors (HEMTs) have
been the focus of intensive research to deliver improved device
reliability in recent years [1]. Their wide bandgap makes them an
excellent candidate for high power applications giving improved
performance in power-supplies as well as radar or satellite
systems. Many aspects of the reliability and operation of these
devices are still not very well understood or solved, including the
underlying physics of electronic trapping sites within the bulk of
the devices [2,3] or within surface leakage paths [4]. In addition,
the physical origin of device degradation during operation is still
controversial [5,6]. Devices exhibit high internal electric fields
and high channel temperatures, well in excess of traditional
semiconductor device systems. These can trigger degradation and
generation of electronic traps [7]. Investigation techniques em-
ployed have included electrical methods [8,9] such as pulsed IV
or transient analysis [10,11] as well as optical methods such as
electroluminescence [12]. These traps impact device performance
including a reduction in source–drain current or can lead to higher
leakage currents along interfaces and at the device surface. Typi-
cally field plates or gate shaping are used to limit the maximum
electric field present in the devices [7]. While accessing tempera-
ture in the devices is nowadays easily possible for example using
Raman, infra-red or liquid crystal thermography [13–15], quantify-
ing experimentally peak electric fields that drive electronic trap
generation and device degradation is challenging. Past efforts have
used Kelvin probe force microscopy [16] as well as depth-resolved
cathodoluminescence spectra [17] to try to correlate local electric
field strength with degradation phenomena due to material defects
and stress-induced traps. While liquid crystals have been used in
the past to image temperature distribution and hot spots in the
devices [18] their potential to image electric fields in electronic
devices has been ignored to date. This is despite their wide scale
use in displays that exploit their orientation under an electric field
[19]. Several different phases of low or high order can be achieved
in a liquid crystal depending on temperature or the presence of
external electric fields [20]. In this work it is demonstrated that
liquid crystal can be used for electric field analysis of electronic
devices, on the example of AlGaN/GaN HEMTs. This is done by
using their ability to orientate with electric field lines in the nema-
tic phase rather than exploiting a phase change.
2. Experimental details

HEMTs fabricated from a 25 nm AlGaN barrier on a 1.9 lm thick
GaN layer grown on an insulating SiC substrate were studied. The
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devices were passivated with 325 nm of Si3N4. Si3N4 is a commonly
used layer in the devices to control traps at the surface and device
leakage currents [21]. This entire material stack is transparent
under white light illumination, apart from areas covered by metal
contacts. Source–gate spacing and drain–gate spacing were 1 lm
and 2.4 lm, respectively, with a gate length of 0.6 lm and a gate
width of 100 lm. Liquid crystal of type E7 were deposited on the
HEMT device surface with E7 containing 51% 5CB (cyanobiphenyl),
25% 7CB (cyanobiphenyl), 16% 8OCB (octyloxy-cyanobiphenyl) and
8% 5CT (cyanoterphenyl) [22]. The individual molecules within the
mixture have lengths of around 2 nm and demonstrate the nematic
phase at a temperature of up to 58 �C. Even though the individual
molecules are disordered in the nematic phase, the long axes (as
illustrated in Fig. 1C) have a preferred direction. This direction is
represented by the director and the material is birefringent. [23]
The devices were operated up to a source–drain voltage of 20 V
with a gate bias of �6 V. Operating the device under pinch off con-
ditions avoids any significant heating effects. Gate leakage current
in the device considered here was less than 0.3 mA/mm. The
devices were imaged using an optical microscope with a 50x, 0.7
numerical aperture objective, under crossed polarizers with back-
light white illumination to record the optical response of the liquid
crystal molecules under the electric field in the devices. A
schematic of the experimental setup is shown in Fig. 1. For the
deposition of the liquid crystal on the AlGaN/GaN HEMT, it is
important to achieve a thin layer to avoid convective instabilities
[23], which may be caused by temperature or leakage currents.
On the other hand, a thin layer on the scale of the dimensions of
the liquid crystal molecules would result in alignment dominated
by the surface structure or the homeotropic anchoring at the air–
liquid crystal interface. For best results a layer below 10 lm was
applied, which was found to be thin enough to avoid convective
instabilities. This was achieved by applying a droplet of liquid crys-
tal using a needle with the liquid crystal flowing onto the surface of
the device due to surface tension, rather than spin-coating. This
thickness is consistent with commercially used liquid crystal films
for displays [19].
3. Results and discussion

Fig. 2 shows transmitted white light images of the access region
for a device at increasing source–drain voltages, Vds, all in pinch-off
Fig. 1. Schematic set up of measurements showing (A) crossed polarizers with (B)
the two gate finger device positioned in between and (C) a representation of liquid
crystal.
condition (Vgs = �6 V), i.e. no current flow. As the light reaching the
camera must pass through crossed polarizers, it can only pass if the
optic axis of the nematic is not parallel to either polarizer when no
bias is applied to the device. As parts of the device surface are
covered by metal contacts only the source–drain access region is
visible in the images in Fig. 2. A decrease in light intensity with
the increased applied source–drain bias, i.e. with increasing
electric field strength, is visible. This decreasing light intensity
with applied bias demonstrates the optical response of the orienta-
tion of the liquid crystal director, which aligns parallel to the
applied electric field and therefore one of the polarizers if enough
energy is provided to overcome the effect of surface anchoring of
the liquid crystal molecules. As we are operating the device in
pinch off no significant heating will affect the liquid crystal film
and the darkening of the transmitted light image can be fully
attributed to director alignment rather than a phase change in
the liquid crystal.

The electric coherence length, nE, [24–26], describes the
thickness over which the director orientation is dominated by
the elastic forces. Elasticity tends to maintain the director parallel
to the surface anchoring. As it is inversely proportional to the elec-
tric field strength, it is expected to decrease with increasing
source–drain voltage, Vds. A small nE means that only the molecules
closest to the device surface will be forced to stay orientated
according to surface anchoring leaving the rest free to orientate
with the applied electric field. As the electric field is applied paral-
lel to the direction of polarization of one of the polarizers (Fig. 1),
alignment of the director with the electric field results in reduced
transmitted light. Minimum brightness is achieved when the elec-
tric field is sufficiently strong to decrease the value of the electric
coherence length to a value that is significantly smaller than the
applied liquid crystal film thickness. For an electric field strength
of 0.006 MV/cm nE is about 1.6 lm reaching a sub-micron value
at an electric field strength of 0.01 MV/cm. We note, the device’s
own birefringence means that the cross-polarized arrangement
always lets some light pass, i.e. even under maximum director
alignment (Fig. 2c and d) the images do not become completely
dark. Fig. 3 illustrates the average transmitted white light intensity
in the active device region as a function of source–drain bias. The
intensity values are stated as a fraction of the transmitted light
intensity for an unpowered device. The gradual decrease of trans-
mitted light intensity demonstrates the gradual decrease of the
electric coherence length. At a source–drain bias of around 4 V
(Fig. 2c) the applied electric field dominates over the elastic forces
within the liquid crystal and the director is orientated along the
direction of polarisation for most of the liquid crystal film. A fur-
ther increase of the applied voltage, i.e. electric field strength, pro-
duces the same director alignment, i.e. the brightness of the images
does not decrease any further. As there is no temperature rise in
the devices, all changes observed are clearly related to the presence
of an electric field in the region where the liquid crystal is situated.

Drift diffusion simulations of the AlGaN/GaN HEMT were
performed using Silvaco ATLAS to determine the strength of the
electric field at the critical voltage that resulted in reorientation
of the majority of the liquid crystal molecules with the electric
field. Fig. 4 shows the result of the simulation at a source–drain
voltage of 3 V, slightly below the experimentally observed voltage
of director alignment of 4 V. Fig. 4a considers the typical scenario
of air above the Si3N4 passivation while Fig. 4b shows the experi-
mental case with the liquid crystal on top of the Si3N4 passivation.
The liquid crystal layer was simulated up to a thickness of 3 lm as
the electric coherence length will lie within this thickness. Liquid
crystal molecules above this thickness will be able to orientate
freely with an external applied field due to the absence of a strong
surface anchoring effect of the underlying hard surface and hence
have no strong impact on the observed effect. The weak boundary



Fig. 2. Transmitted light images of (a) an unpowered AlGaN/GaN HEMT device, (b) biased at Vds = 3 V, (c) at Vds = 4 V and (d) at Vds = 20 V, all at pinch off (i.e. Vgs = �6 V).

Fig. 3. Average light intensity transmitted through source–drain device region as a
function of source–drain bias.

Fig. 4. Lateral component (X) of the electric field in the AlGaN/GaN HEMT from
source to drain contact at Vds = 3 V, Vgs = �6 V with (a) air above the Si3N4

passivation and (b) material with dielectric constant consistent with that for liquid
crystals aligned horizontally with the electric field. The area in between dotted
straight white lines in (b) shows the area that is being recorded for transmitted light
images.
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effect between air and liquid crystal has not been found to
dominate in the unpowered state as such a boundary causes
homeotropic, i.e. light blocking, orientation of the director. It will
therefore also not dominate in the powered state and most of the
molecules above the simulated thickness are able to orientate
easily with the electric field. The peak electric field is present as
expected near the gate contact on its drain side. The presence of
the liquid crystal compared to air above the Si3N4 passivation layer
was found to have negligible impact on the electric field strength at
the gate edge or in the most part of the Si3N4 passivation layer. The
technique does not alter the electric field significantly within the
device. Fig. 5 displays the lateral electric field strength taken
vertically through the AlGaN, SiN and liquid crystal layers. This
cross section was taken by the drain-side edge of the gate metal
demonstrating therefore the change in peak electric field at this
point. The peak electric field near the gate contact determines
how the devices operate, i.e. their current–voltage (IV) characteris-
tics, and also impacts and is of key relevance for device degrada-
tion mechanisms. The lateral component (X) of the electric field
is presented in Fig. 4 as it is this component that represents the
main contribution to the total field at the site where the liquid
crystal is located. This will cause orientation of the director
horizontally from source to drain contact and not vertically.
Rotation of the polarizers in the experiment above the critical volt-
age of 4 V changed the light intensity consistent with liquid crystal
director being horizontally orientated. Vertical orientation would
not result in any intensity changes as such material is effectively
not birefringent. Due to the liquid crystal’s anisotropy, its dielectric
constant differs depending on the orientation of the director with
the electric field, from a value of around 7 for when the director
points perpendicular to the field, i.e. the long axes of the liquid
crystal molecules are statistically mainly orientated perpendicular
to the field and 18 for parallel orientation. In the simulation a high
dielectric constant material was chosen to consider the director
pointing horizontally as experimentally observed. Experimental
results indicate that the field strength required to orientate the
director parallel with the direction of polarization, needs to be
reached in the lateral electric field component (X) in the devices.



Fig. 5. Log of lateral component (X) of the electric field in the AlGaN/GaN HEMT
taken vertically from the bottom of the AlGaN layer past the drain-side edge of the
gate metal and through the liquid crystal layer for source drain biases of 0 V (black),
3 V (red), 4 V (blue) and 20 V (green) all at pinch off. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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We note, that the dielectric constant of the liquid crystal along the
molecules’ short axes (i.e. director orientation perpendicular to the
electric field) is only 7. The surface electric field for orienting liquid
crystal molecules vertically to the device surface would therefore
be significantly higher than parallel to the device surface. The
white dashed line in Fig. 4 encircles the area above the Si3N4 pas-
sivation, in which the electric field exceeds or is equal to an electric
field strength of 0.006 MV/cm. In Fig. 6 the electric field strength in
the source–drain region is plotted at 2.125 lm above the Si3N4 sur-
face. At 4 V the area in which an electric field strength of 0.006 MV/
cm is reached or exceeded can be seen to increase covering close to
all of the drain access region and therefore the measurement area.
As previously stated the electric coherence length is reduced to
1.6 lm at this field strength, leaving a large portion of the liquid
crystal film to orientate with the electric field. Such an electric field
strength has also been reported in previous work on experiments
to find field strength needed to orientate the liquid crystal director
between two hard surfaces [19,27] with a gap of 3 lm. Despite
depending on the gap size for the definition of a threshold electric
field these works demonstrate the investigation of the same
balance of forces than in the present work looking at the electric
Fig. 6. Simulated total electric field strength in the access regions at a distance of
2.125 lm above the Si3N4 surface illustrating expansion and increase of electric
field strength in the drain access region with increasing Vds. The dotted red line
indicates the critical electric field strength of 0.006 MV/cm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
coherence length on the surface of an AlGaN/GaN HEMT, i.e. the
elastic energy within the liquid crystal needs to be overcome to
orientate molecules. Previous work has focused on measuring the
optical response of liquid crystal under an external electric field
without an underlying structure such as a HEMT [28,29]. Those
results confirm the correlation between light transmission and
orientation of the liquid crystal relative to the direction of polariza-
tion and therefore form calibration data for applying the concept
on a structure such as a HEMT.

The results and good agreement of experiment with simulation
and theory illustrate that liquid crystals can successfully be used to
map electric fields in electronic devices. Their high sensitivity to
electric fields means that even small fields can be detected. As
the surface of the devices is probed in the experiment, comparison
to device simulations is beneficial to correlate to the larger peak
electric fields at the gate edge in the devices. The experimental
approach can identify location of field concentrations or identify
the absence of expected field concentrations due to presence of
undiagnosed surface leakage paths. This approach would provide
a very useful tool for lifetime testing to observe electric field
induced degradation. Different liquid crystals can be employed
with different threshold voltages to sense different electric fields,
in a similar way to that previously used in terms of thermal tran-
sition temperatures in liquid crystal thermography as response to
temperature and external electric fields varies depending on the
type of liquid crystal. For instance the cyanobiphenyl based liquid
crystal 5CB as well as a polymer based liquid crystal have been
shown to respond to electric fields of the strength of 0.002 MV/
cm, i.e. at smaller electric fields than the liquid crystal mixture
E7 used here (0.006 MV/cm) and could therefore be used to probe
even smaller electric fields than demonstrated here. Temperatures
at which the liquid crystal displays the nematic phase vary from
room temperature for E7 or 5CB, to a range of 131–240 �C for
5CT and below 35.1 �C for the polymer based liquid crystal
[30,20,22]. A liquid crystal displaying the nematic phase is needed
for the technique demonstrated here to work, so as long as the
device stays in the temperature range for the nematic phase, the
technique can also be applied to operation with open channel
rather than only the pinched off condition demonstrated here.
4. Conclusions

A method to map electric fields and determine electric field
strength in electronic semiconductor devices, liquid crystal elect-
rography, was developed. Use of liquid crystals under crossed
polarizers can be employed to determine bias voltages that result
in critical electric field strengths at the device surface. Even small
field strengths can be detected with this method. This was illus-
trated on AlGaN/GaN HEMTs passivated with Si3N4. The electric
field on the Si3N4 surface affects the alignment of a thin film of
liquid crystal molecules by orientating the director with the elec-
tric field.
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