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Direct GaAs Nanowire Growth and Monolithic Light-
Emitting Diode Fabrication on Flexible Plastic Substrates

Vladislav Khayrudinov,* Anastasiia Sorokina, Vidur Raj, Nikita Gagrani, Tomi Koskinen,
Hua Jiang, llkka Tittonen, Chennupati Jagadish, Hark Hoe Tan, Harri Lipsanen,

and Tuomas Haggren

1. Introduction

The growth of self-catalyzed GaAs nanowires (NWs) and monolithic light-

emitting diode (LED) directly on flexible plastic substrates is reported. Dense
GaAs NW forest is attained in self-catalyzed mode using metalorganic vapor
phase epitaxy. The NWs are shown to be crystalline with a zinc-blende phase. The
optical properties of the GaAs NWs are found to be promising in both photo-
luminescence emission and light-trapping based on reflectance and transmit-
tance measurements. The LED is fabricated from p-type NWs by depositing Au as
Ohmic contact and TiO,/ITO as an electron-selective contact. The demonstrated
NW growth and LED fabrication represent a significant step toward low-cost,
industrially feasible flexible 111-V NW optoelectronic applications, as plastic is
inexpensive, and the fabrication steps are compatible with roll-to-roll processing.
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III-V semiconductor nanowires (NWs)
have been in the center of scientific atten-
tion over the last two decades thanks to a
number of remarkable mechanical, optical,
and electrical properties such as high
carrier mobility, doping control, efficient
light trapping, direct tunable bandgap,
and excellent strain relaxation.!! In partic-
ular, GaAs NWs have been used in a
myriad of applications, including solar
cells, lasers, photodetectors, light-emitting
diodes (LEDs), all-optical logic gates, and
transistors.>”!  Simultaneously, flexible
and wearable smart electronics have been
developing rapidly, resulting in countless functional devices such
as flexible solar cells, flexible photodetectors, and bendable bat-
teries.® ") Despite the ever-growing interest in using III-V
semiconductor NWs for flexible, wearable, and stretchable
(FWS) electronics, it has been extremely challenging to achieve
functional flexible devices mainly due to noncrystalline nature of
plastics that prevents conventional epitaxial NW growth, and epi-
taxial growth temperatures beyond what can be tolerated by the
flexible substrates."?) To overcome these limitations, various
complex multistage transfer methods have been proposed where
NWs are typically transfer-printed or embedded in a dielectric
polymer layer and later peeled off and bonded onto flexible plas-
tic substrates.'>~'®1 However, these approaches are not compati-
ble to roll-to-roll processing, which relies on direct deposition on
substrate such as plastic, and can provide a high throughput for
industrial purposes. In addition, low-cost substrates have been
considered critical for I111-V device costs.'”) Furthermore, to
the best of our knowledge, there are no reports of in situ growth
of GaAs NWs, or even GaAs in general, directly on flexible plastic
substrates.

For the growth of NWs, self-catalyzed growth is the most
straightforward approach as the seed particle deposition takes
place in situ and thus requires no processing steps prior to
the growth. In addition, it avoids possible contamination from
the foreign seed particles such as the typically used Au nanopar-
ticles."®! However, self-catalyzed growth of GaAs NWs (i.e., Ga
seeded) typically results only in sparse or stunted growth.**!!

In this report, we present self-catalyzed growth of GaAs NWs
and demonstrate monolithic LED directly on flexible plastic sub-
strate. The self-catalyzed growth is shown to result in long and
dense GaAs NW forest on the plastic substrates, and electron
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microscopy is used to reveal the zinc-blende crystal structure.
The GaAs NWs are found to exhibit promising light emission
and light-trapping properties. The former is evidenced by strong
photoluminescence (PL) even at room temperature (RT) and the
latter by characterizing the reflectance, transmittance, and
absorptance of the NW forest. The LED structure is demon-
strated monolithically on the plastic substrate from the p-type
GaAs NWs by only three subsequent deposition steps: Au evap-
oration as Ohmic contact and TiO,/ITO depositions as electron-
selective contact. As such, the reported NW growth and
LED demonstration represent a straightforward pathway to
roll-to-roll-compatible NW device fabrication scheme, which is
of great importance in the integration of GaAs NWs for various
flexible optoelectronic devices.

2. Results and Discussion

Figure 1a shows the image of the sample after the growth. It
demonstrates a high degree of flexibility of the substrate as well
as high-density NW growth that results in dark-gray color,
although originally the polyimide (PI) substrate is bright-yellow.
This is attributed to the excellent light-trapping properties of the
NWs and, as will be discussed later, very low reflectance and high
absorptance in the visible range.

Figure 1b-d shows the scanning electron microscopy (SEM)
images of as-grown GaAs NWs on PI. The whole area of the sub-
strates is covered with a continuous interconnected network of
NWs that grow in random directions with an average length
of 15 ym and an average diameter of 800 nm. Figure 1c depicts
the flexible PI tape compressed between the SEM clamps.
Figure 1b,d presents higher magnification micrographs showing
high-density NW forest, which clearly indicates that PI is suited
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for self-catalyzed GaAs NWs growth. Notably, the density and
length of self-catalyzed GaAs NWs are in contrast to earlier
reports, where metalorganic vapor phase epitaxy (MOVPE)
growth typically results in stunted and sparse NWs.'*"*! The
exact beneficial mechanism of the growth on PI is not examined
in this study, while it is believed to be related to surface and inter-
face energies.l””

In order to study the crystal structure of the samples, trans-
mission electron microscopy (TEM) measurements were per-
formed (two different NWs shown in Figure 2ab, and
additional one in Figure S1, Supporting Information). The
low- and high-magnification TEM micrographs and the diffrac-
tion patterns confirm the crystalline nature of the NWs and cor-
respond to a zinc-blende crystal structure for each NW. Defect
planes are observed with [1-10] zone axis as is typical to GaAs
NWs (Figure 2b). The growth direction was toward [-211] for
two of the imaged NWs and [110] for one. Energy-dispersive
X-ray spectroscopy (EDX) analysis (Figure 2c) shows the pres-
ence of Ga and As without additional elements or contamination.
The Fe and Cu signals originate from the copper grid and stage
used in the TEM measurements.

Optical characterization of the GaAs NWs on PI was per-
formed using micro-PL (scanning near-field optical microscope
[SNOM]) and macro-PL in order to verify the optical performance
of the samples at RT and low temperature (LT) in a range
between 70 and 250 K. Undoped GaAs NWs on PI are character-

ized with micro-PL in Figure 3a to study 1) the PL properties of

the intrinsic material, 2) whether any signal is observed from
impurities, and 3) to study possible variations in peak wavelength
between different NWs. The PL spectra in Figure 3a show a
typical PL peak of undoped GaAs material corresponding to
the electron-hole recombination in the I'-valley with an energy
gap of E; = 1.42 eV that shows a strong emission from the NWs

Figure 1. a) Photograph of the GaAs NWs grown directly on flexible Pl tape showing a high degree of flexibility. b—d) SEM images of as-grown GaAs NWs

directly on flexible PI tape at various magnifications.
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Figure 2. a) Low-magnification TEM image of a typical GaAs NW grown on PI, b) HRTEM image and the corresponding electron diffraction patterns in

insets. c) Typical EDX spectrum from the NW.

even at RT. The PL wavelength at GaAs bandgap is indicative of
lack of significant amount of impurities in the NWs. Regarding
the crystal structure, the micro-PL characterization of several
regions revealed PL signal corresponding to ZB crystal only.
This is further evidence of predominant ZB crystal structure,
as NWs with both wurtzite and ZB have been visible in previous
studies with the same setup.!?®! Here, we would also like to note
that InP capping layers have been shown to remain stable for
several months after initial decrease in PL intensity, in both
GaAs NWs and near-surface quantum wells, and therefore, the
InP-capped NWs in this study are believed to remain similarly
stable.*2¢!

Figure 3b shows macro-PL spectra from Zn-doped GaAs NWs
to study 1) large ensemble of NWs on plastic and 2) doped NWs
that are relevant to optoelectronic device structures. The PL peak
is redshifted from the peak wavelength of undoped NWs due to
Zn doping.*” Note that the low-intensity PL tail seen at < 750
nm wavelengths is believed to result from fluorescence from
the PI as these wavelengths were observed from a bare PI
substrate (Figure S2,Supporting Information) and in addition,
they correspond to reported values of active emission from
PL.*! Emission from the InP passivation is outruled as it would
show at longer wavelengths.**! GaAs PL peaks in Figure 3b are
blueshifted at LT due to the changes of semiconductor bandgap
in accordance with Varshni's empirical formula and consistent
with the previous optical studies of GaAs NWs.[?#2% The higher
intensity of the peaks at LTs is due to the suppression of
nonradiative emission channels at those temperatures.

Adv. Photonics Res. 2022, 3, 2100311 2100311 (3 of 8)

Figure 4 depicts reflectance, transmittance, and absorptance
spectra from bare PI substrate and GaAs NWs on PI. While
PI tape without NWs exhibits high R and T, with the NWs
the values of R remain at ~10% and T well below 10% in the
500-850 nm range. Notably, the NW samples have very high
absorptance of 80-90% in the whole visible spectrum which con-
firms their outstanding light-trapping properties. In fact, the
bright-yellow and moderately reflective and transparent PI tape
turns dark-gray after NW growth. It should be highlighted here
that R, T, and 1-R-T are presented from bare GaAs NWs, while
they become clearly less reflective upon deposition of transparent
contact material for device purposes (photograph shown in
Figure 5a). The low reflectance and high absorptance make
the GaAs NWs on plastic promising for different NW-based
optoelectronic applications. For LEDs, the low reflectance indi-
cates high emittance, or in other words, a large proportion of
light generated in the GaAs crystal can escape to the surrounding
medium. In addition, low reflectance and high absorptance are
critical in achieving high short-circuit current in solar cells and
high responsitivity in photodetectors.

Finally, we study the electrical properties of Zn-doped p-type
GaAs NWs on PI and demonstrate a monolithic LED fabricated
directly on the flexible PI substrate. Upon Zn doping, the NWs
are found to exhibit Ohmic contact even when measured using
metal probes without any contact metal deposition (Figure 5b
inset). In contrast, the bare PI substrate is insulating as expected.
Similar phenomenon was observed in our previous study, where
InAs NWs formed a conductive network between the individual

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 3. a) Micro-PL measurement of undoped GaAs NWs on flexible PI
substrate at RT. b) Temperature dependence of macro-PL spectra of
Zn-doped GaAs NWs on Pl. The peak wavelength difference close to
RT in (a) and (b) results from different doping.

NWs over the whole substrate.*” Such Ohmic behavior suggests
high doping level, which is further indicated by a redshift in PL
emission (Figure 3b). Redshift in PL emission has previously
been attributed to high Zn concentration in GaAs NWs.*! As
a result, it is assumed here that the self-catalyzed NWs are
successfully doped and are highly p-type, further indicating
the suitability of our NWs for device applications.

To confirm the feasibility of the grown NW forest in flexible
device applications, the mechanical flexibility of the GaAs NWs
on PI was investigated by controlled bending of the sample to
induce tensile stress on the film. Figure S3, Supporting
Information, shows the relative change of electrical resistance
dR/Ry when the sample undergoes controlled bending in the ten-
sile direction down to a bending radius of 5.4 mm. At that radius,
dR/Ry shows a 12.6% increase compared to the initial value
which is comparable to the previous reports on inorganic flexible
materials and surpasses the electrodes based on the ITO/PET
film.?2331 When the stage is gradually brought back to its original
position, the increase in sample resistance is largely reverted,
implying that the structure withstands bending well without
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showing a clear critical radius. Sample resistance after one bend-
ing cycle is 5.5% higher than at the beginning. To further study
the mechanical durability of the sample under stress, the same
bending cycle was repeated 1000 times. Figure S4, Supporting
Information, shows dR/R, at both relaxed and bent positions
as a function of the number of bending cycles. dR/R at a relaxed
position shows a value of ~6.7% after five cycles compared to the
initial value, while at the bent position the value is ~12.7%.
These values stay relatively stable until ~100 cycles, after which
the dR/Ry at both positions starts to show fluctuations likely
caused by slight structural damages in the sample. However,
dR/R, after 1000 cycles is still below 15% for the maximum bend-
ing position, signaling that the sample withstands consecutive
bending to a great extent.

In order to demonstrate the feasibility of the GaAs NWs on PI
for optoelectronic devices, a carrier-selective diode structure was
fabricated as shown schematically in Figure 5a. Au was evapo-
rated as a contact metal to the p-GaAs NWs, and in order to form
a p—n junction, TiO, was deposited as the electron-selective layer
followed by ITO deposition over TiO, as the n-type contact. This
straightforward fabrication scheme results in a diode -V curve
shown in Figure 5b. The choice of these materials is based on the
favorable band alignment (simulation by SCAPS-1D is shown in
Figure S5, Supporting Information). TiO, forms a type-II band
alignment with p+GaAs with a small conduction band offset and
large valence band offset, significantly reducing the transfer of
minority carriers across the junction, thereby acting as a selective
contact. Moreover, the majority carrier (holes) become minority
carriers at the interface due to band bending induced population
inversion, which further reduces the transfer of holes to the con-
tact with ITO/TiO,. Such population inversion has previously
been shown to reduce the interface recombination by signifi-
cantly impeding the flow of one kind of charge carrier. In the
presence of ITO/TiO, thin film, a combination of band offset
induced selectivity and band bending induced population
inversion reduces the recombination current and reverse leakage
current leading to improved device characteristics and RT
electroluminescence (EL). The device behavior is comparable
to previously reported results where the formation of radial
junction between selective contact and NW led to substantial
improvement in device characteristics.>*3°

However, as the materials and deposition conditions were not
optimized in the proof-of-concept device here, a significant leak-
age current is observed in Figure 5b. As discussed above, in ideal
scenario the material combination is assumed conducive for
high-performance device. Instead, the leakage current is
assumed to result predominantly from the device structure
and the deposition conditions. First, the TiO, deposition by
atomic layer deposition (ALD) may have been partially depleted
in the top region of the dense NW forest, and thus not covered
fully the base region. On the other hand, the ITO was deposited
by sputtering which can be approximated as a line-of-sight depo-
sition method. As such, the deposition occurs similarly on the
top and base regions of the NWs, thus introducing a leakage
channel. Crystal defects and grain boundaries in GaAs may also
contribute to the leakage current. Therefore, it is believed that by
further material and device optimization would alleviate the leak-
age current, as suggested by previous reports on carrier-selective
contact optimization.**=# We would also like to note here that
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Figure 4. a) Reflectance, b) transmittance, and c) absorptance spectra from bare Pl substrate and GaAs NWs grown on PI.
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Figure 5. a) Schematic and a photograph of GaAs NW diode structure fabricated monolithically on PI substrate, b) electrical measurements of p-GaAs
NWs and the diode structure, and c) EL spectra at RT. In the photograph in (a), the light gray area corresponds to bare p-GaAs NWs and the dark gray area
to p-GaAs NWs covered with TiO, and ITO. The black lines in the ruler visible in (a) are separated by T mm. Note that in (c) the signal is collected from an
area of ~175 pm?, while the current is spread across a 2 x 2 mm? area of the device.
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the LED was fabricated ~3 months after the growth of the NWs,
pointing toward a decent stability of the NWs as has been
reported before for similarly passivated GaAs structures.**

Despite the moderate diode performance, a clear EL signal at
RT was observed with an applied current between the Au and
ITO contacts (Figure 5c). We can conclude that a GaAs NW
LED was successfully fabricated on flexible PI substrate in only
four deposition steps: self-catalyzed NW growth, Au evaporation,
TiO, deposition, and ITO deposition. The EL signal was observed
when applying a current of ~4-8 mA; however, it should be
noted that the current is spread a ~2 x 2 mm? device area while
the EL signal is collected only from an area of ~175pum?.
Therefore, the current passing through the observed area is
orders of magnitude lower that the actual applied current. We
also emphasize that the EL signal was initially observed at
900 nm which corresponds to the PL signal from Zn-doped
GaAs NWs.BY However, after measuring with a drive current
of 8-9mA the peak is shifted to ~940 nm presumably due to
heating. We expect that the heating can be mitigated by shorten-
ing the distance between the contacts and the junction. The peak
at 810 nm is a system artifact.

Regarding the emission profile of the LED structure, individ-
ual NWs have tendency to emit toward their long axis.% Here,
the NWs are oriented randomly and the far-field emission profile
is assumed to be a fairly even distribution over a hemisphere
with a reduced emission to angles close to the surface plane
(as the emission to these angles is scattered by other NWs).
Overall, the LED demonstration shows that the GaAs NWs are
conducive for monolithic optoelectronic devices on flexible plas-
tic substrates, and in future, we expect that device performance
can still be improved further by optimizing the materials and the
device structure. For example, interdigitated and closely spaced
contact grids of metal contacts and selective contacts are applica-
ble to the fabrication scheme used here, and would result in
1) increased active device area and 2) significantly reduced resis-
tance between the contacts and the junction area. Thus, they are
expected to enable high-efficiency flexible NW solar cells and
LEDs. Alternatively, electrically conducting PI is expected to
be suitable for GaAs NWs and devices, and it has been shown
suitable for InAs NW growth.?’” Finally, the deposition condi-
tions of the selective contacts may be optimized in future, as well
as selective contact materials for GaAs. Bearing in mind that the
plastic substrates are extremely low cost and the device fabrica-
tion scheme is compatible with the roll-to-roll processing, it is
evident that the NWs and the monolithic fabrication on plastic
are particularly promising in reducing the cost of III-V optoelec-
tronic devices, while such devices are additionally flexible,
expanding their possible application areas.

3. Conclusions

We have shown for the first time the growth and fabrication of
GaAs NW LEDs by MOVPE directly on flexible plastic substrates.
The NWs were grown in self-catalyzed mode that resulted in a
dense forest of long NWs and having a crystalline zinc-blende
phase. Good optical quality of the NWs was evidenced by PL
emission at RT and light-trapping properties by low reflectance
and transmittance. The GaAs NWs were shown to be suitable for
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flexible optoelectronics by demonstrating a monolithic LED
structure directly on the plastic substrate. The LED was realized
in just three subsequent processing steps, i.e., the deposition
of Au, TiO,, and ITO, where TiO,/ITO acted as an electron-
selective contact on p-GaAs NWs. Notably, the direct NW growth
on plastic and the proposed device scheme are compatible to
high-throughput roll-to-roll processing. Overall, the presented
results represent a significant advancement toward flexible,
low-cost optoelectronic NW devices and applications.

4. Experimental Section

Self-catalyzed GaAs NWs were grown directly on nonconductive 25 pm-
thick PI tape (Polyonics, XT-621) inside a horizontal flow atmospheric
pressure MOVPE system. Trimethylgallium (TMGa), tertiarybutylarsene
(TBAs), trimethylindium (TMIn), and tertiarybutylphosphine (TBP) were
used as precursors. First, the Ga particles were deposited in situ at
480°C using TMGa flow of 30.6 umol min™' for 60's. Next, GaAs NW
growth was started by introducing the TBAs flow (61.20 pmol min~") while
maintaining the TMGa flow for 3600 s with the nominal V/IIl ratio of two.
GaAs NWs were doped in situ by introducing a diethylzinc (DEZn) flow at
0.85 pmol min~" during growth. As a last step, GaAs NW's were passivated
with InP shell at 530 °C for 3 s with the nominal V/IIl ratio of 176.2* After
growth the samples were cooled down under TBP flow. Hydrogen was
used as a carrier gas and the total reactor gas flow rate was 5 Lmin".
The growth temperatures reported in this work are thermocouple readings
of the lamp-heated graphite susceptor, which are slightly higher than the
actual substrate surface temperature. Structural properties and morphol-
ogy of the NWs were studied using SEM (Zeiss Supra 40) operated at
10keV. High-resolution transmission electron microscopy (HRTEM)
measurements were carried out with a JEOL 2200FS double-aberration-
corrected field emission gun (FEG) microscope operated at 200 kV.
Elemental composition of the NWs was determined using a TEM-inte-
grated EDX tool. The optical characterization of the samples was per-
formed using macro- and micro-PL, reflectance (R), and transmittance
(T) measurements. The absorptance (A) was calculated as
A=1—R—T. Macro-PL measurements were done using continuous-
wave laser with 532 nm central wavelength and spot size of 100 pm.
For PL spectra, a monochromator with a diffraction grating of 600 grooves
mm™" and blazed at 1000 nm, a lock-in amplifier, and a Si photodetector
were used. For temperature-dependent measurements, the samples were
placed into a closed-cycle liquid He optical cryostat. Micro-PL measure-
ments were performed using a Witec alpha300 SNOM equipped with
cw 532 nm laser and a Si photodetector. Reflectance and transmittance
measurements were obtained using an integrating sphere with a broad
light illumination of the samples at 8° and Si photodetector. The NW
LEDs were fabricated from Zn-doped p-type NWs with InP capping as
a passivation layer. Part of the Pl substrate was left intentionally NW-free
in order to avoid shorting when applying electrical probes to the contacts.
Au (150 nm) was evaporated as Ohmic contact to the NWs using a
shadow mask. Next, the substrates were clamped between the glass plates
such that the area with Au and a spacing of ~1 mm were covered. On the
uncovered area, nominally 15 nm of TiO, was deposited with atomic layer
deposition followed by a nominally 200 nm of ITO using sputter deposi-
tion. TiO, was deposited at 120 °C using trimethyltitanium and H,O as
precursors for Ti and O, respectively. An extended purge duration of
8s was used to ensure highly conformal and uniform deposition of
TiO,. ITO was sputtered at RT with a radio frequency power of 60 W at
1.5 Torr under Ar flow. To measure EL at RT, the current was applied using
two probes, and spectra were measured using a charge-coupled device
(CCD) (Princeton Instruments, PIXIS) and spectrometer (Acton,
SpectraPro 2750). The mechanical flexibility of the samples was studied
by a tensile bending experiment, in which a computer-controlled stage
was moved back and forth at 0.4 mm increments thus bending the sample
placed on the stage, while simultaneously recording the current-voltage
characteristics at each stage position.[4°'4” Sample resistance was
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computed from a linear fit to the captured I-V curve. The sample for the
bending experiment was prepared by e-beam evaporating 8 mm x 8 mm
Ti/Au (20nm/100 nm) contact pads at the ends of the 22 mm x 8 mm
sample, leaving a 6 mm x 8 mm uncoated area in the middle. The sample
was then attached onto a supportive PI film with double-sided tape and
wiring to the readout electronics was connected on the ends of the contact
pads using flexible silver epoxy.
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