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Single Crystal Gallium Nitride Nanomembrane
Photoconductor and Field Effect Transistor

Kanglin Xiong, Sung Hyun Park, Jie Song, Ge Yuan, Danti Chen, Benjamin Leung,

and Jung Han*

Large-area, free-standing and single-crystalline GaN nanomembranes are
prepared by electrochemical etching from epitaxial layers. As-prepared
nanomembranes are highly resistive but can become electronically active
upon optical excitation, with an excellent electron mobility. The interaction
of excited carriers with surface states is investigated by intensity-dependent
photoconductivity gain and temperature-dependent photocurrent decay.
Normally off enhancement-type GaN nanomembrane MOS transistors are
demonstrated, suggesting that GaN could be used in flexible electronics for

high power and high frequency applications.

1. Introduction

Single crystal semiconductor nanomembranes have attracted
much attention due to their unique electronic, optoelectronic,
and mechanical properties, as well as the potential for hetero-
geneous integration.'™ Silicon nanomembranes have been
prepared by undercut etching of SOI structures. GaAs (InAs)
membranes released by AlAs (AlGaSb) undercut layers have
been demonstrated to be promising for photonic? and elec-
tronic* applications. Wide bandgap GaN is one of the most
important electronic materials. Dislocation-free GaN mem-
brane has been exfoliated with limited lateral dimension.’!
There have also been efforts and demonstrations in sepa-
rating pm-thick GaN device structures from substrates using
laser liftoff,[®) chemical liftoff,l”) electrochemical liftoff,#°] and
mechanical liftoff on suitable buffer layers.!1%!!] These works
open the way for vertical device configuration but fall short in
the pursuit of ultrathin (<500 nm), mechanically flexural mem-
branes. As the freestanding layer thickness decreases to below
500 or even 100 nm, the flexural rigidity of the layer is expected
to decrease dramatically.l!! At the same time, the active region
within a nanomembrane could couple electronically with the
surrounding surfaces, bringing both challenges and opportuni-
ties.l) However, these properties are rarely studied for GaN due
to the lack of thin, large-area and high quality GaN membrane.
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We report in this work the fabrication
of single crystal GaN nanomembranes,
with a thickness as low as 50 nm. Large
area (25 mm X 5 mm) GaN membranes
are produced by electrochemical etching
(ECE) with a special high-conductivity
sacrificial underlayer. Large-area, crack-
free transfer of GaN NMs have been per-
formed onto metal, glass, and polymer
target substrates. The transport properties
of freestanding GaN nanomembranes are
analyzed using UV-assisted Hall measure-
ments. The interaction of the carriers with
the surface electronic states are investi-
gated Dby the intensity dependence of the photoconductor gain,
and by the temperature-dependent measurements of photocur-
rent decay. The transport property of GaN NM, down to a thick-
ness of 90 nm, remains very comparable to that from much
thicker GaN structures. Enhancement-mode field effect transis-
tors (FETs) have been fabricated and demonstrated on a SiO,/
Si(001) wafer, suggesting that GaN nanomembranes can be a
new candidate for flexible electronics requiring high power and
high-frequency.

2. Results and Discussion

2.1. Nanomembrane Fabrication

The principle of using an ECE process to selectively remove
underlying GaN sacrificial layers has been described before.[1213]
Multi-layered GaN structures having nanomembrane layers
(50 to 500 nm thick) on top of heavily-doped (n = 1 x 10! cm™)
GaN sacrificial layers were grown by metal-organic chemical
vapor deposition (MOCVD) process on sapphire. To obtain
large-area NM within a reasonable time, a periodic array of via
holes were created such that the undercut etching can proceeds
uniformly around these openings. The via-holes are squares
with a dimension of 10 pm and a diagonal periodicity of 25, 50,
and 100 pm. These holes were created by Cl-based inductively
coupled plasma (ICP) etching to expose the sacrificial layer. The
photoresist (Shipley S1827) used during the CI-ICP etching was
retained to protect the front surface of the membrane during
ECE. The nanomembrane layers became detached from the
substrate once the undercut regions around each opening coa-
lesce with the adjacent ones. GaN NMs were cleaned by rinsing
sequentially in DI water, acetone and isopropyl-alcohol (IPA).
After cleaning, they were transferred on to other substrates
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2.2. X-ray Diffraction

High resolution X-ray diffraction was per-
formed to examine the crystal quality of
the transferred NMs. Figure 2(a) shows
the (002) triple-crystal @26 scan of a
membrane transferred onto a silicon sub-
strate. The single peak (around 17.16°) con-
firms the single crystallinity. The presence of
fringe peaks on both sides, which are due to
x-ray interference, indicates that the top and
bottom surfaces of the GaN NM are smooth.
The spacing of the fringes gives an estimate
of the thickness of the membrane to be
85 nm, in good agreement with the growth
design and the SEM measurement. (002)
and (102) X-ray rocking curves are shown
in Figure 2(b) and 2(c), where the data from
the 2.36 pm thick as-grown sample on sap-
phire (black dashed lines) are juxtaposed
with the membrane data (in red). The beam
size for the scans is 0.1 mm x 20 mm. The
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Figure 1. Images of 90 nm thick GaN membranes, with scale bars from 1 centimeter down to . .
) X . . off-axis (102) curve was measured in skew-
3 micrometer. a) Photo of GaN membrane on PET film, optical microscopy image of b) mem- . . h
brane on PET, c) on SiO2, and d) freestanding membrane. SEM image of e) Ga-polar surface symmetric ge.ometry. In Figure 2(a), the
of a freestanding membrane, the black square is hole for electrochemical etching, the light gray ~ (002) FWHM is 0.172 degree for membrane,
area is membrane. f) Membrane under strain to form a curved structure. compared to 0.089 degree for the as-grown

sample. Such broadening has been observed

in Si nanomembrane.'% It is likely due to

by wet transfer methods.' In this work the choice of target the extreme thickness of the NM. From Scherrer’s equation

substrates includes sapphire, silicon and polyethylene terephtha-  (Aw = A/dcos6), the broadening with a 95-nm membrane would

late (PET) films. be around 0.09°. The (102) diffraction for the NM has a FWHM

Figure 1(a) shows a photograph of 5 mm X 5 mm 90 nm  of 0.135°; in this case the broadening is less (=0.02°) due to
GaN nanomembrane transferred onto a PET film. The inset  larger thickness seen by X-ray.

(b) is a 200x optical microscopy image of

the membrane, which is conformal to the

PET film. The grid-like pattern is due to a 3

the periodic etching vias described ear- 10* 3

lier. Figure 1(c) is optical microscopy of 5 -

another 90 nm GaN membrane transferred % 10° F

onto a Si0,/Si(001) substrate. The inset QO E

(d) is a 1000x optical microscopy image ©10 3 | | | | | |

of a freestanding membrane. A scanning 16.8 ' 16.9 ' 17.0 ' 17 1 ' 17 2 ' 173 ' 17 4 ' 17.5

electron microscopy (SEM) image of the

front surface ((0001), Ga-polar) of GaN

NM is shown in Figure 1(e), indicating b 1.0
that the surface is generally flat and fea- )
tureless. Atomic force microscopy (AFM) A
measurement on the Ga-polar surface of
NM reveals (not shown) that the surface
retains the step flow morphology of epi-
taxial GaN. Figure 1(f) shows a 90 nm thick
GaN membrane under strain introduced
during transfer onto a metal grid to form 0.0 ( \ 0.0
a curved structure, having a radius of cur- 17 1 17.4 17.7 237 24 0 24 3
vature of only 15 pm. This demonstration

of a much reduced flexural rigidity suggests ® (deg) ® (deg)

that GaN NMs could extend the function- Figure 2. High resolution X-ray diffraction measurement of GaN nanomembrane transferred

ality of Ill-nitride devices into piezotronics  onto silicon. a) (002) triple-crystal w/2-theta scan. b) (002) and c) (102) rocking curves of GaN
and piezophotonics.!”! membrane (solid line) and as grown sample (black dot).
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Figure 3. a) Current-time (i—t) characteritics of 90 nm GaN membrane
bias at two adjacent corners with 20 V. UV light was turned on at 200 s
and off at about 500 s. The inset shows log(i)—t. b) Electron concentra-
tion and mobility in 90 nm membrane measured under different UV light
intensity. The inset is the Hall device on sapphire under test. c) Electron
mobility vs. concentration. The line is for eyes only.

2.3. UV-assisted Hall Measurement

Given the innate couplings to surfaces and surroundings, the
electronic and optoelectronic properties of GaN NMs are of
particular interest in our investigation. As a reference, unin-
tentionally doped (UID) GaN on sapphire prepared by MOCVD
exhibits a lightly n-type background concentration of about
5 X 10'° cm™ with a mobility of 600 cm? V! 5.7l The sheet
resistance of a 90-nm thick GaN NM is estimated to be around
20 KQ if the NM has the identical transport property. However,
all the 140 nm-thick and thinner membranes on either SiO,/Si
or sapphire prepared in our lab are found to be highly resistive
by Van der Pauw method. Figure 3(a) shows the current-time
(i-t) characteristics measured between two corner contacts from
a nanomembrane (90 nm thick, 5 x 5 mm?) on sapphire with
a 20 V bias. With a dark current level below the nA range, it is
challenging to have accurate Hall measurement. The conduc-
tivity is drastically improved, in contrast, when the edge area of
membrane under the same steady bias is subject to the excita-
tion of a UV (325 nm He-Cd laser) illumination with a power
density of 70 mW cm™. With photo-generated carriers, Hall
measurement could be carried out, and by changing the light
intensity, carrier concentration could be adjusted.
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An UV LED (A = 365 nm, A4 = 10 nm) was used as the exci-
tation source with a tunable optical power. The power density
is about 0.9 mW/cm? at 50 mA, and is approximately linear to
current. A magnet of 0.5 T was used for Hall measurement.
For both van der Pauw and Hall measurement, the current
bias was 10 pA. A picture of the GaN NM (90 nm) on sapphire
under test with gallium droplets as ohmic contacts on the four
corners is shown in the inset of Figure 3(b). The sample was
prepared by ECE, DI water, acetone and IPA cleaning, trans-
ferring the NM onto sapphire, and making ohmic contacts.
No further treatment is applied. The top surface of NM is in
contact with air while to bottom with sapphire. During the
measurements, the NM is regarded as continuous. And elec-
trons are considered as major carriers because of much lower
hole than electron mobility in n-type GaN.I'®l Influence of
holes and patterned holes on the measurements are described
in the Supporting Information. Figure 3(b) summarizes the
measured sheet carrier density (black squares) and mobilities
(red dots) as a function of excitation power. The sheet carrier
density increases with light intensity but gradually saturates at
higher excitation. The mobility follows a similar trend. Plotting
mobility and carrier concentration together in Figure 3(c), we
find that the mobility increases linearly with the carrier concen-
tration. It was reported that at low carrier density, an increase
in free carriers tends to screen out the scattering due to charged
dislocations, which in return enhances the electron mobility.!'"!
The average electron density here is estimated (assuming a
90-nm thickness) to be 1-3 x 10'® cm™3, in agreement with the
previously reported results. The measured mobility in the range
of 100-200 cm? V! s7! was lower than that from GaN epilayers
on sapphire, most likely due to the additional scattering by sur-
face states in the nanomembranes. We note a similar decrease
of electron mobility in silicon nanomembrane. !

2.4. Photoconductance and Surface Barrier

Pinning of surface Fermi level due to polarization-related
surface states is well known for GaN.2!l It introduces band
bending near the surface region, which has a fundamental
influence on the carrier distribution and transport in GaN
nanostructures. Figure 4(a) illustrates the band profiles (Ec
and Ey) across a NM assuming a symmetric band bending on
both surfaces. The electron potential is higher on both sur-
faces. If the membrane is thin enough, the adjoining of two
surface depletion regions causes the membrane to be full
depleted. We note that GaN nanowires were found to be fully
depleted by the surface barrier when the diameter is smaller
than a certain critical value (80-100 nm).l?2l Under optical exci-
tation, the surface bending will cause separation of photo-gen-
erated carriers with electrons confined within a thin channel
near the center while holes will be forced to a triangular well
near the surfaces. The electrons have to overcome the surface
barrier by the thermionic emission process to recombine with
holes, often causing long decays in photocurrent transient, as
shown in the inset of Figure 3(a). Under such a band-bending
related charge separation, photocurrent transient typically
exhibits a strong dependence on the excitation intensity and
temperature.?’]
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Figure 4. a) Schematic electrical potential distribution (3D color contour)
and band diagram within GaN membrane caused by surface Fermi level
pinning. b) A log—log plot of the power dependent photocurrent gain for
two membrane samples having a thickness of 90 and 140 nm. The inset
is a typical circular photoconductor. c) Photocurrent decay of 140 nm
membrane measured at 30, 45, 60, 80, 100 and 115 °C, in the order of
from top to bottom d) Arrhenius plot of time constants of decay of 90 and
140 nm membrane.

To verify this model, photocurrent has been measured as
a function of excitation light intensity. A GaN NM photocon-
ductor device fabricated on SiO,/Si wafer is shown as the inset
of Figure 4(b). The inner circular Ti/Al contact is surrounded
by an outer Ti/Al contact with a ring-shaped spacing of 14 pm,
both contacts appear as dark regions in this picture. The gain of
photocurrent, here defined as current-to-light intensity ratio, is
plotted against the light intensity in a log-log plot (Figure 4(b)).
Linear fitting of the curves give the slope of —0.91 and —0.85
for membranes with a thickness of 140 nm and 90 nm, respec-
tively. These values suggest that the photocurrent effect is
dominated by surface band bending instead of bulk trap effects
which should have a value of —0.5.24

To quantify the height of the surface barrier, the temperature
dependence of photocurrent decay was examined. Since the
photocurrent persists for a relatively long time at room tem-
perature, a temperature range of 30 to 120 °C was chosen to
investigate the decay transient. The illumination intensity was
maintained at a low level (<0.05 mW c¢m™) to minimize any
modification of band bending due to screening by free car-
riers.?’! Figure 4(c) shows the result of it measurement for a
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140 nm membrane with increasing temperature. Fitting the
curves with stretched exponential function,? the temperature-
dependent time constants were extracted and are plotted in
Figure 4(d) in Arrhenius form. Barrier heights were extracted
to be 0.535 eV and 0.275 eV for membranes with a thickness
of 140 and 90 nm, respectively. The barrier height for the
140 nm membrane agrees with previously reported values
for GaN epilayer and thick nanowire, where surface potential
(Ec—Ey) is between 0.5 and 0.6 eV.[?122 The apparent reduction
in barrier height for the 90-nm NM might be due to the thick-
ness effect.??l Assuming a background impurity level of 1 X
107 cm, the depletion region width is 143 nm and 104 nm
for the two barrier heights. This result explains the observed
resistivity of membranes in dark. The surface barrier can also
explain carrier concentration saturation in Figure 3(b). As the
carrier concentration increases with light intensity, the surface
barrier will be decreased by free carriers. As a result, the recom-
bination rate will increase, which in turn limits carrier density.
It has been noted that GaN nanowire surface barrier heights
depend on the surface condition and ambient,?®! the same con-
clusion may apply to GaN membrane here.

2.5. Field Effect Transistor

To validate its usefulness in electronic applications, GaN NM
field effect transistors were fabricated on a SiO,/n-Si(001)
substrate. A 140 nm GaN NM was transferred onto the SiO2
surface with the Ga-polar surface facing downward. Figure 5a
shows schematic diagram of a back-gate transistor with GaN
membrane as active layer. The inset is a optical microscopy
image of a real transistor. The width of the channel is 300 pm.
The spacing of holes on membrane is 25 pm in diagonal direc-
tion. A layer of 250 nm SiO, is used as a dielectric layer for
back-gating. Ti/Al/Ni/Au is deposited as an ohmic contact
without annealing.”’] All the FETs have been treated with O,
plasma to reduce surface state effects.[?8l

Due to the thick dielectric layer (250 nm), the FET has rela-
tively high gate voltage. Figure 5(b) shows the I~V curves meas-
ured by sweeping back-gate bias voltage from 20 V to 50 V, with
step of 5 V. The upmost one is biased at 50 V. The devices show
typical current saturation with knee voltage at about 5 V.

The IV, of the same device is measured with drain bias of
10 V, shown in Figure 5(c). The ON-OFF current ratio is about
10°. Maximum g, derived from Figure 5(c) is 0.55 mS mm™
(0.167 mA/V), and the maximum drain current density is
12 mA/mm. While the fabrication process remains preliminary
at present, we note that the performance of this nanomem-
brane GaN MOSFET is in the same range as those from tradi-
tional GaN/sapphire structures,?”) and compared favorably with
many other inorganic flexible thin film transistors.3%

Electron mobility can be extracted from trans-conductance
g using the following equation

LZ
M=gn = Vo 1)

The channel length L is 14.5 pm. Using a planar capacitor
model with a relative dielectric constant of 3.9 for SiO,, the gate

Adv. Funct. Mater. 2014, 24, 6503-6508
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Figure 5. a) Schematic structure of back-gate FET made of GaN mem-
brane. The inset is a optical microscopy image of a 140 nm thick mem-
brane FET. b) Drain current Ip—Vp measured under gate bias from 20
to 50 V, with step of 5V, in the order of from bottom to top. ¢) Ip-V¢
measure with bias of 10 V.

capacitance C is estimated to be 0.6 pF. Though the bias Vg
is 10 V, we can still use knee voltage of 5 V because of cur-
rent saturation, which yields the mobility of 117 cm? V1 s7L
From a faster I~V scan, we also get g, of 0.22 mA V-1, which
corresponds to a mobility of 154 cm? V™! s7!. These values
are slightly lower than Hall measurement. However, they are
reasonable, taking surface effects, contact resistance and the
etching holes into consideration.

Shift of threshold voltage was observed during measure-
ment. This is due to memory effect of gate which is also found
in GaN nanowire FET with “gating hysteresis”.?132 In the
early stage of GaN HEMT devices, researches attributed sim-
ilar current instability to the trapped charges which serves as a
secondary “virtual gate”.** The traps here could be in the gate
oxide SiO,, at the SiO,/Si or GaN membrane/SiO, interfaces.
The nature of these traps is the subject of further study. For
the same reason, the current shown in Figure 5(b) is smaller
than in Figure 5(c) under the same bias. Because the traps will
build up or discharge dynamically, a higher saturated current
is observed when the measurement is performed at higher
speed.
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3. Conclusion

In summary, we have prepared large-area GaN nanomem-
branes and succeeded in transferring them onto different
substrates. The NMs are flexural yet single crystalline, elastic
deformation to a radius of curvature of 10 um is observed
without fracture. The NMs are found to be depleted of carriers
due to band bending from top and bottom surfaces. UV-assisted
Hall measurement has been carried out to ascertain the trans-
port properties; a mobility of 200 cm? V! s7! for a 90 nm mem-
brane indicates its great potential for flexible electronics. The
amount of surface band bending and the position of surface
Fermi levels are determined by temperature dependent photo-
current decay. Large-area GaN NMs are processed into back-
gated, normally off GaN MOS transistors. An ON-OFF ratio of
10° has been observed together with very competitive properties
for transconductance and maximum drain current. The results
here indicate that GaN nanomembrane have a great potential
for a variety of applications, such as flexible electronics, sen-
sors, and integration with other semiconductors.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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