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Ultrahigh-Performance Solar-Blind Photodetectors Based
on Individual Single-crystalline In,Ge,O; Nanobelts

By Liang Li,* Pooi See Lee, Chaoyi Yan, Tianyou Zhai,* Xiaosheng Fang,*
Meiyong Liao,* Yasuo Koide, Yoshio Bando, and Dmitri Golberg

Deep-ultraviolet (DUV) photodetectors working in the solar-
blind spectrum range (220-290 nm) have received significant
attention, because of various important applications in mis-
sile tracking, flame detection, ozone layer monitoring, and so
on.'31 To date, DUV solar-blind photodetectors based on wide
bandgap semiconductors, e.g., AlGaN, ZnMgO, LaAlO;, BN,
and diamond films, have been explored. However, their fab-
rication processes are complex and costly, and it is difficult
to produce single-crystals of these materials owing to phase-
separation and lattice mismatch with substrates, which result
in a responsivity <1 and a quantum efficiency <102%.+°!

Recently, one-dimensional (1D) nanostructures have been
widely studied to enhance the quantum efficiency and shorten
the response time of photodetectors. This approach originates
from the large surface-to-volume ratio and low dimensionality
in 1D structures.®®) Among these detectors, solar-blind ones
have received little attention.'”) Moreover, their response and
decay times are still long, and their responsivity and quantum
efficiency are not high enough. Therefore, we undertook a
challenge to develop high-performance solar-blind nanometer-
scale photodetectors in the present work.

Ternary oxide In,Ge,O; bulk forms are important materials
for catalysts, ion exchange, humidity sensors, and high energy
laser systems.'!l Several 1D In,Ge,0; nanostructures, such as
nanowires, nanoribbons, and nanotubes, have been synthe-
sized,'2 but properties have seldom been reported!!?" and possible
applications have not been exploited. In this communication, we
first report on the fabrication of ultrahigh-performance solar-blind
photodetectors employing individual single-crystalline In,Ge,0,
nanobelts as sensing elements. Such photodetectors show a sen-
sitive spectral response, a significantly shortened response, and
decay times of ~3 ms, compared with the characteristic param-
eters of the pre-existing devices (order of approx. seconds), and
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a high quantum efficiency, i.e., nearly six orders of magnitude
higher than reported before. Our results imply that an In,Ge,0O,
nanobelt can be an excellent candidate for high-speed and high-
sensitivity photodetectors or optical switches.

Morphology, crystal structure, and spatially resolved maps
of as-prepared In,Ge,0, nanobelts are shown in Figure 1. A
typical scanning electron microscopy (SEM) image in Figure 1a
reveals that the nanobelts are up to hundreds of micrometers
in length. The widths and thicknesses have a size distribu-
tion of 250 nm to 3 wm and 10-50 nm, respectively. The X-ray
diffraction (XRD) peaks (Figure S1) can be indexed to a pure
monoclinic In,Ge,0; crystal phase (JCPDS: 82-0846). A high-
resolution transmission electron microscopy (HRTEM) image
(Figure 1b) demonstrates clearly the belt morphology. The cor-
responding lattice fringe image indicates the single-crystalline
character of the belts. The interplanar d-spacing of 0.45 nm
corresponds to the (010) lattice plane of monoclinic In,Ge,0,
indicating a preferred [010] growth direction. The elemental
maps displayed in Figure 1c—f demonstrate a uniform distribu-
tion of the compositional elements In, Ge, and O. Therefore,
high-quality single-crystalline In,Ge,O; nanobelts have been
fabricated.

The configuration of a photoconductive device for the pho-
toresponse measurement on an individual nanobelt is shown in
the inset of Figure 2a. A monochromatic light was illuminated
on the nanobelt connected by one pair of Cr/Au electrodes, and
the photoresponse was measured by using a two-probe method.
The SEM image of an individual nanobelt (width 270 nm,
thickness 30 nm, and length 2.7 um) device is inserted in
Figure 2c ( an enlarged image is shown in Figure S2). Figure 2a
represents a spectral response of the In,Ge,0;-nanobelt photo-
detector at a 3.0 V bias at room temperature. The photodetector
shows a high sensitivity to DUV light with a cutoff wavelength
of ~290 nm, which corresponds to a photon energy that is close
to the bandgap (4.43 eV, 280 nm) of In,Ge, 0,113l which implies
a bandgap excitation related process. To further analyze the
selectivity of the photodetector to a wavelength, the logarithmic
plot of Figure 2a is shown in Figure 2b. As expected, with
decreasing the wavelength (increasing the phonon energy), the
responsivity increases gradually and reaches a maximum value
at ~230 nm. This wavelength is consistent with the maximum
absorption peak ~244 nm in the optical absorption spectrum
(the inset in Figure 2b). It is worth noting that the responsivity
at 230 nm is 2-3 and 3-6 orders of magnitude higher than
that in the ultraviolet and visible light ranges, respectively,
which indicates high selectivity towards the solar-blind light.
Figure 2c shows the -V curves of the In,Ge,0;-nanobelt pho-
todetector exposed to 230 nm light or under dark conditions.
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Figure 1. a) SEM image of numerous In,Ge,O; nanobelts. b) TEM image of individual In,Ge,0;
nanobelts, and corresponding HRTEM image. c) Line-scan profile across the radial direction of
an individual nanobelt. d), e) and f) In, Ge and O elemental maps, respectively.

The linear [-V characteristics indicate the good ohmic con-
tacts between the nanobelt and electrodes. A high photo-
excited current of ~19 nA was recorded at a low bias of 5.0 V. A
corresponding logarithmic plot (Figure 2d) clearly shows that
the photo-excited current significantly increases by six orders
of magnitude compared with a low dark current, indicating a
high sensitivity.

The time-dependent photoresponse of the In,Ge,0,-nanobelt
photodetector was measured by periodically turning on and off
230 nm light with a light intensity of 19 uW cm = ata bias of 10V,
as shown in Figure 3a. On illumination, the current rapidly
increases to a stable value of ~48 nA, and then sharply returns
to its initial one as the light is turned off. The photodetector
shows highly stable and reproducible characteristics. From the
enlarged view (Figure 3b) of one ON/OFF cycle, the response
and decay times (t, and t4) are so short that they exceed the
detection limit (0.3 s) of our direct current (dc) picoampermeter.
The time taken for the current to increase from 10% to 90% of
the peak value or vice versa is defined as the t, and tg, respec-
tively. Under closer examination using a 230 nm light source
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pulse chopped at a frequency of 100 Hz, as
shown in Figure 3¢, both the #, and t; were
measured to be ~2 ms. To more accurately
estimate response and decay times, we
decreased the collection step of the signal
to 8.0 and 4.0 ps under the resolution range
of our apparatus, as shown in Figure S3. All
these data show that the response and decay
times are smaller than 3 ms.

Both the rising and decaying edges of the
photocurrents can be fitted by the exponen-
tial equation I = (1 —e™/"'and [ = Le~*/,
respectively. A linear relationship between
Lnl and t is obtained (Figure S4). The fit-
ting of both the rising and decaying edges
requires two straight lines of different slopes,
from which different time constants (7,
and 7,, are 1.30 ms and 2.70 ms; 74; and Ty,
are 3.23 ms and 3.70 ms) are obtained. The
time constants for rising edges are smaller
than those for decaying edges, but both are
much larger than those usually observed for
intrinsic band-to-band excitation in semi-
conductors (much lower than milliseconds),
which indicates that traps were involved in
this process.l8') The photogenerated carriers
may first fill the traps and then reach the
maximum after all the traps are saturated.
The relatively fast decay with the time con-
stant of 3.23 ms is representative of the car-
rier lifetime.

In addition to selectivity, responsivity, and
response and decay times, the quantum effi-
ciency (QE) (defined as the number of car-
riers circulating through a photodetector per
absorbed photon and per unit time) deter-
mines the efficiency of an electron transport
and carrier collection. It is noticed that the
present QE is equal to the current gain also
used in the literature.***l The QE can be expressed by: QE =
hcRy /e, where his Planck’s constant, ¢ is the velocity of light, e is
the electronic charge, A is the wavelength (230 nm) of irradiated
light, and Ry = I, /PS (where the photocurrent I, = I — I3, where
I4 is the dark current and I is the current in the device when it
is illuminated with a light source, P is the light intensity irradi-
ated on the nanobelt, and S is the effective illuminated area).
The R of the present photodetector irradiated by 230 nm light
at 19 uW cm2 is 3.9 x 10° A W=, This corresponds to an ult-
rahigh QE of 2.0 x 103%. At present, these values are the best
photoconductive parameters among all reported 1D nanometer-
scale solar-blind photodetectors.!*%!

The photoresponse of oxide semiconductors is a complex
process of electron-hole generation, trapping, and recombina-
tion. Based on the quantitative expression QE = tif/tyan (ife
is the lifetime of carriers and fy,, is the transit time between
electrodes),®¥ there are three factors that mainly affect ;¢ and
tean: Surface hole-trap states, confined active area, and crystal
quality of sensing elements. 1) The large surface-to-volume ratio
of In,Ge,0; nanobelts largely increases the number of surface
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Figure 2. a) Spectral response of an individual In,Ge,O;-nanobelt photodetector, demon-
strating a cutoff wavelength (<290 nm) in the solar-blind spectrum range. The inset is a sche-
matic of a device for measuring photoconductivity. b) Logarithmic plot of (a) revealing high
sensitivity and selectivity to various light wavelengths. The optical absorption spectrum of
nanobelts is inserted in the top-right corner. c) I-V curves of the individual In,Ge,O;-nanobelt
photodetector under 230 nm irradiation or dark conditions. The inset is a typical SEM image of
an In,Ge,O;-nanobelt device. d) Logarithmic plot of (c) shows the large ratio of photo-excited
to dark current.
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Figure 3. a) Time response of an In,Ge,0;-nanobelt photodetector. b) The enlarged portions of
the 51-53 s and 112-114 s ranges showing ultimately fast response and decay times (beyond
the detection limit (0.3 s)). c) A transient response by illuminating the In,Ge,O5-nanobelt pho-
todetector with a 230 nm light pulse chopped at a frequency of 100 Hz with the reference signal.
d) The response of a photocurrent under air and different vacuum environments.
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trap states, prolonging the .l In air,

oxygen molecules tend to take free electrons
of In,Ge,0; nanobelts and form negatively
charged oxygen ions at the surface, which
results in the surface band bending and thus
creating the surface depletion areas, which
decrease the density and mobility of free car-
riers. This trapping process further reduces
the dark current in addition to the wide
bandgap character of In,Ge,0;. Upon light
irradiation, electron-hole pairs are excited.
The holes migrate to the surface and trap
electrons from oxygen ions, changing them
into oxygen molecules which then desorb
from the nanobelt surface. The remaining
free electrons contribute to a photocurrent.
This hole-trapping process effectively sepa-
rates electron-hole pairs and largely increases
the t, which can be confirmed by a current
response to ambient conditions measured
under 230 nm light irradiation at 19 pW cm2
(Figure 3d). It can be seen that the current
increases as the ambient changes from air
to vacuum, and continuously increases with
decreasing pressure from 400 to 0.1 Pa, and
then returns to its initial value as ambient
converts into air again. The increase of cur-
rent is consistent with the increase of the #;g
as a result of reduction of the oxygen read-
sorption rate in the oxygen-deficient envi-
ronments after trapping holes. In particular,
0.1 Pa pressure eventually induces an obvious
photoresponse decrease (t, and tq are 16.5
and 0.6 s, respectively), which evidences the
contribution to photoresponse from photoin-
duced oxygen desorption and readsorption.
This trapping process is further confirmed by
light-intensity dependent QE in the following
paragraph. 2) The one-dimensionality of the
nanobelts can confine the active area of the
charge carriers and, therefore, hinder the dif-
fusion process, which results in a short ty,,.
3) High-quality single crystals facilitate the
transport of carriers. Since ty,, =1 /v, where
l is the electrode distance (2.7 pm), the car-
rier drift velocity v is the product of mobility
u and applied electric field E, ie., v = UE.
Thus, QE can be rewritten as QE =ty uE/L
The i value is estimated as 4.9 cm? V™' s7! at
room temperature for QE = 2.0 x 108%,
e = 3.23 ms, and E=3.7 x 10* V.cm™.. Such
a mobility value guarantees the effective
transport of carriers between two electrodes.
From the above presented analysis, the sur-
face hole-trap states increase the #; and the
confined active area, and the availability of a
high-quality single crystal leads to a reduction
of tyan, Which significantly increases the ratio
of tife/tan and thus enhances the QE.
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Figure 4. a) |-V curves of an In,Ge,O;-nanobelt photodetector under
230 nm light irradiation of different intensities. b) Photocurrent as a func-
tion of light intensity and corresponding fitting curve using the power law.
c) The light intensity-dependent QE of the In,Ge,0;-nanobelt photode-
tector at the excitation wavelength of 230 nm at a bias of 10 V. The red
solid line shows fitting of the experimental data to QF ~ P06,

The photoresponse of In,Ge,0; nanobelts is dependent on
light intensity. Figure 4a shows the I-V curves of photodetectors
irradiated by 230 nm light with varying intensity. The photocur-
rent increases with the light intensity, consistent with the fact
that the charge carrier photogeneration efficiency is propor-
tional to the absorbed photon flux. The corresponding depend-
ence is plotted in Figure 4b. This can be fitted to a power law,
I~P°, where 6 determines the response of the photocurrent to
light intensity. The fitting gives nearly a linear behavior with
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0 = 0.7. The non-unity (0.5 < 6 < 1) exponent suggests a com-
plex process of electron-hole generation, recombination, and
trapping within a semiconductor.’”! Furthermore, the contribu-
tion of traps can also be identified by the intensity-dependent
behavior of the QE, as shown in Figure 4c. From this loga-
rithmic plot, the QF ~ P~% relation shows a clear power law
fitting in the intensity range. The decrease of the QE is a strong
manifestation of hole-trap saturation for the relatively high light
intensity. In addition, the onset of carrier bimolecular recom-
bination at the highest light intensities may also contribute to
shortening of the carrier lifetime.['6l

In conclusion, high-quality single crystalline In,Ge,0; nano-
belts were synthesized by a vapor transport process. Individual
In,Ge,0; nanobelts were designed for DUV solar-blind photo-
detectors. The detectors showed the high photoconductive per-
formance, namely, high sensitivity and selectivity towards the
solar-blind spectrum, excellent stability and reproducibility, fast
response and decay times (~3 ms), and high responsivity (3.9 x 10°
A W) and quantum efficiency (2.0 x 10%%). A power-law
dependence of the nanobelt photocurrent on light intensity was
determined. Based on the dependence of photocurrent on envi-
ronment, and quantum efficiency on light intensity, the high
performance of the In,Ge,O; nanobelts was ascribed mainly
to surface traps, one-dimensionality, and high-quality single-
crystal character. The present In,Ge,0; nanobelt photodetectors
are envisaged to find wide optoelectronic applications in optical
sensing, switches, and communication systems.

Experimental Section

Material Preparation and Characterization: 1n,Ge,O; nanobelts were
synthesized by a vapor transport process in a horizontal tube furnace.['2!
In a typical experiment, a small quartz tube containing mixed GeO,,
In,03, and carbon powder (molar ratio 2:1:4) was loaded into the
furnace. Cleaned Si (100) substrates (without catalyst coating) were
placed at the downstream end to collect the products. The temperature
in the center of the furnace was increased to 1000 °C at a rate of 10 °C min™"
and maintained for 60 min. An Ar flow mixed with 5% O, at a total flow
rate of 200 sccm (standard cubic centimeter per minute) was used as
the carrier gas. The nanobelt growth temperature was in the range of
620-700 °C. The furnace power was then switched off and allowed to
cool naturally to room temperature after the growth.

The as-prepared In,Ge,O; nanobelts were characterized by X-ray
diffraction (XRD, Ultima IV/PSK), FE-SEM (Hitachi S-4800), and HRTEM
(JEM-3000F).

Device  Fabrication and  Measurements: Individual  In,Ge,O;-
nanobelt solar-blind photodetectors were assembled by a standard
microfabrication process in a clean room. 1) The nanobelts were
scraped from the substrate to disperse in ethanol, and then dropped on
a Si substrate with a 200 nm SiO, layer. 2) The parallel microelectrodes
were patterned on the top of the nanobelts using a standard optical
lithography process divided into four steps: Firstly, Si substrates in (1)
were covered with a photoresist by spin coating and then baked. Secondly,
the photoresist was exposed to an intensive ultraviolet light through
a pre-patterned mask. Thirdly, unused photoresist was removed by a
special developer solution. After developing, a Cr/Au (10 nm/100 nm)
film was deposited on the surface of the substrate in an electron beam
deposition apparatus. Finally, a lift-off process produced the final
nanodevice.

The current-voltage (I-V) characteristics of the photodetectors
were measured using an Advantest Picoammeter R8340A and a dc
voltage source R6144. A spectral response for different wavelengths
was recorded using a 500 W Ushio xenon lamp with an illumination
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bandwidth of 2 nm, and an Acton Research monochromator with order
sorting filters was used. A photocurrent was measured by fixing certain
light wavelengths with adjustable light intensity. The light intensity was
modulated through an aperture and calibrated by using a UV-enhanced
Si photodiode. A transient response was measured by using a 350 MHz
Tektronix (TDS 5000B) oscilloscope with a 50 V impedance by
illuminating the nanobelts with a 230 nm light pulse chopped at a
frequency of 100 Hz.

Supporting Information

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