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ABSTRACT: A self-powered, broad band and ultrafast
photodetector based on n*-InGaN/AIN/n-Si(111) hetero-
structure is demonstrated. Si-doped (n* type) InGaN epilayer
was grown by plasma-assisted molecular beam epitaxy on a
100 nm thick AIN template on an n-type Si(111) substrate.
The n*-InGaN/AIN/n-Si(111) devices exhibit excellent self-
powered photoresponse under UV—visible (300—800 nm)
light illumination. The maximum response of this self-powered
photodetector is observed at 580 nm for low-intensity
irradiance (0.1 mW/cm?), owing to the deep donor states
present near the InGaN/AIN interface. It shows a responsivity
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of 9.64 A/W with rise and fall times of 19.9 and 21.4 us, respectively. A relation between the open circuit voltage and the

responsivity has been realized.

KEYWORDS: molecular beam epitaxy (MBE), indium gallium nitride, S—I—S heterojunction, self-powered detectors,

broad band detectors

B INTRODUCTION

The photodetectors are of great importance due to their various
applications from everyday consumer electronics (compact disk
players, smoke detectors, remote control, etc.) to more elegant
applications, such as environmental monitoring, space research,
and optical communication."” Photodetectors work on various
mechanisms, such as photoelectrochemistry,” photoconduction,
or photodiode action.* Most of the photodetectors require an
applied bias for appreciable detectivity, which needs a constant
electrical power source. As a result, overall circuitry becomes
heavy and unprofitable in the current energy framework. A self-
powered photodetector can operate at zero bias without any
external power source. There are many reports of photo-
detectors that are based on the photovoltaic effect.”"* The self-
powered photodetectors, such as p—n junction, heterojunction,
Schottky junctions, and organic/inorganic hybrid junctions, can
immediately separate the electron—hole pairs due to the built-in
electric field, which shows faster photoresponse and higher
responsivity at zero bias'>~'” and has drawn much attention of
scientists and technologists.

Most of the photodetectors comprise of inorganic semi-
conductors (InGaAs, ZnO, etc.),”™** which show attractive
properties, such as high carrier mobility and high-absorption
coefficients, but suffer from drawbacks, such as high toxicity, a
narrow detection range, large exciton binding energy, large
intensity irradiance, and low responsivity. III-nitride materials
(AIN, GaN, and InN), on the other hand, can be used as a
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replacement of toxic elements as well as their lower values of
exciton binding energies, as compared with other materials,
facilitate easier separation of electrons and holes. Moreover, the
tunability of III-nitride materials from the ultraviolet to infrared
region makes them useful over other materials for high-speed
optoelectronic applications.

Among Ill-nitrides, InGaN alloys have attracted much
attention for wider band gap photodetectors as well as in
photovoltaic applications because of their direct and large band
gap, which can be tuned from 0.7 to 3.4 eV, superior electronic
properties, chemical inertness, mechanical stability, and
capability of forming heterostructures.””** The tuneable band
gap makes InGaN-based devices useful for photovoltaic
applications.”* >’ InGaN-based broad band photodetectors
have great significance in several high-tech applications,
including imaging, sensing, optical communications, energy
harvesting, and biological research.”*”** The key point of a
broad band photodetector is that it occupies multiple passbands,
therefore allowing much higher throughput over a single
medium.

There are few reports on InGaN-based self-powered and
broad band photodetectors,”*** but these are accompanied by
several limitations, such as lower responsivities, high rise and fall
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times, a narrow detection range (UV), etc. InGaN epilayers have
been grown on AIN, GaN, and InN buffer layers using Si and
ALOj; substrates by different groups.””**~** Here, n*-InGaN
has been grown on AIN/Si template by plasma-assisted
molecular beam epitaxy (PAMBE) and the broad band
photodetection of the InGaN/AIN/Si heterostructures is
reported. It has been shown that n*-InGaN/AIN/n-Si(111)
can be used as a self-powered photodetector that exhibits an
excellent self-powered photoresponse under UV—visible (300—
800 nm) light illumination. The self-powered photodetector
shows a responsivity of 9.64 A/W with rise and fall times of 19.9
and 21.4 ps, respectively. The maximum response of this self-
powered photodetector is observed at 580 nm for low-intensity
irradiance and is believed to be due to the deep donor states
present near the InGaN/AIN interface. A relation between the
open circuit voltage and responsivity has been realized.

InGaN with the AIN buffer layer shows a Schottky behavior.
This can be attributed to the fact that introduction of AIN
increases the built-in potential across the junction and thereby
increases the depletion region width, as a result of which the
carrier lifetime increases, thus enhancing the photoresponse of
the device. On the other hand, due to doping, the electric field
across the junction enhances manifolds, thus increasing the drift
velocities of the charge carriers, resulting in a faster photo-
response. Hence, photoelectrical properties, such as photo-
response, response and recovery time, and detectivity show huge
enhancement compared to those in InGaN-based conventional
detectors.

B EXPERIMENTAL SECTION

The sample used for this study was grown by PAMBE. The n*-InGaN
epilayer with thickness of around 110.8 nm was grown on a 100 nm
thick AIN template on n-Si(111) substrate. The In and Ga effusion cell
temperatures were kept at 750 and 880 °C, respectively, and the
corresponding beam equivalent pressures were maintained at 1.13 X
1077 and 1.28 X 1077 mbar, respectively. Si effusion cell temperature
was kept at 1250 °C for doping. During growth, N, flow rate and plasma
power were maintained at 1 sccm and 350 W, respectively. Thermal
cleaning was done at 810 °C for 30 min to remove residual
hydrocarbons. The substrate temperature was then reduced to 550
°C, and growth was carried out for 3 h without any intermediate steps.

The structure of the epilayer was characterized by high-resolution X-
ray diffraction (HRXRD) to know the crystalline quality of the film.
Hall studies have been performed by HMS 5000 Hall measurements
system from Ecopia to know the type of InGaN layer. Thickness and
roughness of the epilayer were estimated by cross-sectional field
emission scanning electron microscopy (FESEM) and atomic force
microscopy (AFM), respectively. A photoluminescence study was
carried out to have an idea about the band gap. Structural (HRXRD,
SEM, AFM) and optical characterizations show that InGaN epilayer
exhibits good crystalline and optical qualities. The current—voltage (I—
V) and photodetection characteristics of the n*-InGaN based device
were studied using a Keithely-2420 source measuring unit. The
temporal response was acquired using a computer-interfaced Keithely-
2420 source measuring unit, whereas the spectral response (300—800
nm) was performed using Oriel’s QEPVSI system with a Keithely-2420
source measuring unit. The Oriel's QEPVSI system consists of a 300 W
xenon bulb with an output of 0.1 mW/cm? The aluminum circular
electrodes, having diameter 400 ym, were deposited at the top and
bottom of the device by thermal evaporation using a physical mask.
Subsequent to metallization, the sample with metal electrodes was
annealed in vacuum for better contact formation. The Ohmic nature of
the metal contacts on n*-InGaN and Si was verified. The standard
photolithographic process and reactive ion etching (RIE) have been
used to define the InGaN area with diameter 1000 ym. RIE was carried

out on InGaN film until the AIN layer was exposed. Moreover, the flow
chart of device fabrication is depicted in Figure S1.
B RESULTS AND DISCUSSION

Figure la represents the HRXRD 26— scans of the InGaN
epilayer grown on the AIN/Si(111) substrate. From Figure 1a, it
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Figure 1. (a) HRXRD 20— scans and (b) X-ray rocking curve of
(0002) reflections. (c) Top surface, (d) cross-sectional FESEM, and
(e) AFM image of InGaN film.

can be seen that a strong (0002) InGaN diffracted peak at 20 ~
34.01° is present along with substrate peaks. The absence of any
other peaks indicates that the as-grown sample is free from
residual indium or spinoidal decomposition. The crystalline
quality of InGaN epilayer was further investigated by calculating
the full width half-maxima (FWHM) of the (0002) symmetry
rocking curve of InGaN epilayer. The FWHM value of the
epilayer was found to be 0.55°, as shown in Figure 1b. The
FWHM value of the epilayer obtained is superior to that of the
films grown on other substrates.””***’

FESEM image of n*-InGaN epilayer has been shown in Figure
lc. The thickness of InGaN layer was estimated by cross-
sectional FESEM (Figure 1d), and it was found to be 110.8 nm.
FESEM image shows a smooth surface with planar morphology.
Further, the quality of the epilayer film was investigated by AFM.
AFM image of the InGaN epilayer has been shown in Figure Ie.
The root mean square roughness of the InGaN epilayer was
found to be 3.20 nm.

The room-temperature photoluminescence spectrum of the
epilayer film is shown in Figure 2a. The near-band edge emission
peak of n"-InGaN epilayer was observed at 431 nm,
corresponding to a band gap of 2.88 eV. Vegard’s law has
been used to calculate the In composition (x) in the ternary
InGaN alloy for the device. There exists a deviation from
Vegard’s law that is referred to as the bowing parameter. This
deviation arises due to the inhomogeneity in the indium
incorporation. An equation that describes the band gap of
InGaN alloy is given as follows
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Figure 2. (a) Room-temperature photoluminescence spectrum of
InGaN epilayer. (b) I-V characteristics of the n*-InGaN/AIN/n-
Si(111) device at room temperature. (c) Schematic diagram of the
device.

E,(In,Ga,_,N) = (1 — x)E(GaN) + xE,(InN)
— bx(1 — x) (1)

where E,(GaN) = 3.41 eV,*' E,(InN) = 0.7 ¢V, and bowing
8 43,44 8
parameter b = 2.5 eV.™”

Using eq 1, the value of x is estimated to be 0.104 (i.e, 10.4%).

Room-temperature I—V characteristics of the device (Al/n*-
InGaN/AIN/n-Si(111)/Al) have been shown in Figure 2b. The
device shows a rectifying behavior at room temperature similar
to that of semiconductor—insulator—semiconductor (SIS)
junction behavior reported in the literature for other
materials.”'%*%*>%® The linear nature of the Al/n*-InGaN/Al
and Al/n-Si(111)/Alin Figure 2b illustrates that the contacts are
Ohmic. The schematic diagram of the device has been depicted
in Figure 2c, which shows an effective device area of 0.659 mm*
(Figure S1).

The carrier transport mechanisms for the detector under
forward, reverse, and zero biases are described in Figure 3. The
band gaps of n*-InGaN, AIN, and n-Si(111) were taken as 2.88,
6.27 eV (Figure S7), and 1.11 eV (Figure S6), respectively.
Room-temperature Hall measurements were carried out to
know the carrier concentration of InGaN epilayer. The carrier
concentration of the epilayer Ny was found to be ~1.06 X 10"
cm™ (n* type). Thus, it can be concluded that the n*-InGaN
layer has been formed with Si doping. It has been estimated by
theoretical calculations”*” based on density functional theory
(TCAD Silvaco) that the number of states in the conduction
band (N.) of the n*-InGaN layer is 2.15 X 10'® cm™,
Substituting the values of N, and carrier concentrations Ny,
the value of (E. — E;) at room temperature (300 K) was obtained
from eq 2.

N,
E, — E; = KT In| —
N

)

where Kj is the Boltzmann constant, T is the temperature, E_ is
the conduction band minima, and E is the Fermi level. From eq
2, E. — E¢is estimated to be —0.041 eV for n*-InGaN layer. The
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Figure 3. Energy band diagrams of n*-InGaN/AIN/n-Si(111) S—I-§
heterojunction photodetector (a) before junction formation, (b) after
junction formation (at thermal equilibrium), (c) under forward bias,
and (d) under reverse bias.

negative value of E. — E; suggests that the Fermi level E¢ of n*-
InGaN layer would lie above the conduction band minima E_ of
the corresponding layer, as shown in Figure 3a. Electron affinity
of n*-InGaN was found to be 4.4 eV as per theoretical
calculations.”® The electron affinity of n-Si(111) is taken as 4.05
eV>* and for AN, it is taken as 1.9 eV.

The n*-InGaN epilayer was intentionally doped with Si, which
shows n*-type conductivity and the Fermi level lies in the
conduction band at equilibrium condition, as shown in Figure
3b. For n*-InGaN/AIN/n-Si(111) heterojunction at forward
bias, the band of Si near AIN/n-Si(111) interface bends upward,
as shown in Figure 3¢, i.e., the Fermi level goes down for Si and
up for n*-InGaN, respectively.

At forward bias, the carriers are accumulated near the junction
between the semiconductors (n*-InGaN) and insulator (AIN).
The flow of current is dominated by one type of carriers
(electrons) in forward bias condition. The accumulated carriers
rapidly flow above the threshold voltage with a large number of
carriers above the insulating layer. On the other hand, the flow of
current is dominated by holes under reverse bias condition, as
shown in Figure 3d. Under illumination with light (~580 nm),
photocurrent is observed in the region of zero bias with a power
density of 0.1 mW/cm?. An abrupt increase in the photocurrent
has been observed at zero bias than that in either reverse or
forward biases and is shown in Figure 4a.

We have also investigated the photodetection behavior with
an asymmetric electrode configuration. We have used a four-
stack metal electrode consisting of Ti (10 nm)/Al (20 nm)/Ni
(50 nm)/Au (150 nm) on n*-InGaN, and an Al-metal electrode
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Figure 4. (a) Current—voltage (I-V) characteristic of the n*-InGaN/
AIN/n-Si(111) detector under dark and light (580 nm). The inset
graph represents the zoomed view of current—voltage characteristics of
the self-powered photodetector at zero bias. (b) Spectral response of
the photodetector measured at zero bias.

on Si to obtain an asymmetrical electrode configuration, as
shown in Figures S2—SS. It can be seen that the photocurrent
generated with an asymmetrical configuration is lower than that
with a symmetrical metal electrode although the nature of
spectral response is same in both cases. The low photocurrent in
an asymmetrical electrode could be due to high dark current
density, which is limited by the contact electrode. The
detectivity (D*) that depends on the dark current density is
also low in an asymmetrical configuration.

Spectral response studies were carried out for the detector at
zero bias (4 = 300—800 nm). During spectral response
measurements, light intensity was kept constant at 0.1 mW/
cm®. Spectral response of the device has been shown in Figure
4b, and it can be seen that the device shows a broad band
photodetection with a maximum response at 580 nm.

After having maximum response at 580 nm, I-V character-
istics were investigated by irradiating light of different
wavelengths with a fixed intensity of 0.1 mW/cm? (Figure Sa).
The SIS photodetector exhibits photovoltaic properties with an
open circuit voltage Vo = 0.112 V and a short circuit current Igc
= 888.6 ,uA/cmz at 580 nm and is in accordance with other
reported results.”” -V characteristics of the device under

—_
-

~
—~
=
~

< 1.0
R
—~ a8
¥ = 08
5 o g
= . -T: 0.6
o S dark
N - -
Ey <365 nm.a. 380 nm E 0.41 e :}‘
= $ v400 nm.e- 415 nm| = oc
o N «430nmy 460 nm| 2, 0.29
< o500 nmx 580 nm|
& -+ 650 nm-o- 700 nm| 0.0
Y ( p ‘ P . : T : T : T
004000 004 008 002 400 450 500 550 600 650 700
Voltage (V) Wavelength (nm)
(c)012 3 @),]
0.10 9 Expt. data ]
008
~0.06 x4
5 = °
§ 0.047 = 57 128
— IL,-P"
0.021 » p
0.00 7] Wavelength - 580 nm
0.02 . . . . . ey
4.0 50 55 60 65 7.0 155 -15.0 -14.5 -14.0 -13.5 -13.0 -12.5 -12.0
In (R,P,S/T) In (P)

Figure 5. (a) I-V characteristics of the n*-InGaN/AIN/n-Si(111)
detector under the dark and with illumination of light at different
wavelengths. (b) Open circuit voltage (Voc) of the self-powered
photodetector as a function of wavelength. (c) Variation of Vg with
photoresponsivity. (d) Variation of photocurrent with light power
density.

illumination of different wavelengths have been presented in
Figure Sa, keeping the light intensity constant at 0.1 mW/cm”.
Figure Sb represents the variation of Vi with different light
wavelengths, and the maximum Vi is observed at 580 nm,
which is in good agreement with our spectral response results.
Further, the variation of V¢ with photoresponsivity has been
presented in Figure Sc and is found to be varying linearly
according to the following relation 3**

K,T 1
Voc = —— l"[iJ
q I (3)
with

where I, and Ig are the reverse saturation current and
photocurrent, respectively; Ky is the Boltzmann constant; g is
the electron charge; R; is the photoresponsivity; S is the
illuminated junction area of the detector, which is 0.659 mm?;
and P, is the incident power of the light source of wavelength 4,
which is 0.1 mW/cm?” We have also examined the dependency
of photocurrent on incident power, and the results are presented
in Figure 5d. The relation between the photocurrent and
illumination power density can be described by I, o P, where 0
is the response between photocurrent and illumination power
density.*” The fitted value of @ is found to be 1.28. The nonunity
value of @ explains the complex processes of photogenerated
carriers through trapping, recombination, etc.”’>”

The temporal response of the device is measured at zero bias
as there is an abrupt increase in the photocurrent as compared to
that in reverse or forward bias and the response at 580 nm is
presented in Figure 6a. The response and recovery times of the
device are found to be around 100 ms, as shown in Figure 6b,c,
respectively. It can be noted that the time interval between two
sampling points is around 100 ms, which is due to instrumental
limitation. To estimate the transit time constants precisely, we
have used a high-speed setup, as depicted in Figure 6d. The
setup consists of a mechanical optical chopper, which is used to
generate optical pulses from the continuous wave lasers. A direct
current voltage source is used to drive the device, and a digital
storage oscilloscope is connected with a 1 M€ impedance to
measure the output. Figure Ge represents the transient response.
To find out the response and recovery times, one response—
recovery cycle is fitted with first-order exponential equations.”*
The response and recovery times are found to be 19.9 and 21.4
us, respectively, as shown in Figure 6f. It may be noted that the
response and recovery times of the present detector are better
than those for the previously reported InGaN-based photo-
detector.”* Detectivity (D*)*” is used to check the performance

of the photodetector. It is defined by D* = #, where R; is
d

(
the responsivity, J; is the dark current density of the detector,
and e is the electronic charge (1.6 X 107 C). Detectivity is
found to be 1.93 x 10" cm Hz"? W™! at zero bias. The
measured value of the detectivity is comparable to that of GaN,
ZnO, and PPA-TiN-based photodevices.”**~>” The responsiv-
ity and photogain (G) of the detector were estimated from

I heR; 5
R, = = an = 2
9 ps a dG 0’

were found to be 9.64 A/W and 20.64 (at 580 nm), respectively,
which are better than previously reported values in the
literature.”*>*

> respectively. The responsivity and G
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Table 1. Comparison of Characteristic Parameters of the Present n*-InGaN/AIN/n-Si(111) S—I—S Heterojunction
Photodetector to Those of Other Self-Powered Photodetectors

PD* type V,. V)’ D* (emHz W) R, (A/W)“ 7, (ms)* 74 (ms) refs

CuO/Si p—n 0.16 3x10° 3x107* 0.06 0.08 58
Znln,S,/agarose gel hybrid 0.63 1.65 X 1072 25 120 59
MoS, transistor 0.48 107 260 267 60
graphene/MoS, transistor 0.012 ~10"3 0.6 0.13 0.13 61
MoS,/Si heterojunction 0.21 ~10" 0.3 0.003 0.04 S
ZnO/Spiro-MeOTAD hybrid 0.1 0.017 0.2 0.95 2

ZnO NR MIS 7.99 x 107 1.78 X 107¢ 100 100 62
CH,;NH,Pbl, hybrid 3.29 x 10" 0.284 0.02 0.017 63
PPA/TiN hybrid 0.78 1.92 x 10" 0.57 9.23 18.12 7

ZnO homojunction nanofibers p—n 0.55 3900 4700 64
NiO/TiO, NRy/TiO, heterojunction 2.50 X 10" 5.66 X 1073 less than 100 less than 100 65

GaN MWA/Si heterojunction 3.4 x 10 131 x 1073 2 2 66
n-InGaN/n-Si n—n heterojunction 0.0942 20 33 34
n*-InGaN/AIN/n-Si S—I-S heterojunction 0.112 1.93 x 10" 9.64 0.0199 0.0214 present work

“Photodetector. bOpen circuit voltage. “Detectivity. dResponsivity. “Rise time. /] Recovery time.

The photoresponsivity and other parameters of the detector From the above spectral response studies, it can be seen that
are compared to those of other self-powered detectors in Table maximum responsivity is realized for S80 nm (2.13 eV).
1. However, the band gap of the device is 2.88 eV (431 nm), as

10422 DOI: 10.1021/acsami.8b22569
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determined from the photoluminescence measurements (Figure
2). The variation of photocurrent with wavelength of Al/
InGaN/Al device is highest for 580 nm excitation (Figure S8)
that ensures the presence of the intermediate energy level (E;) at
n*-InGaN layer, as depicted in Figure 6g. In this context, it may
be noted that nitrogen vacancies in IIl-nitrides form an
intermediate deep donor level and we believe that the
photocurrent is highest due to the intermediate level, which is
2.13 eV below the conduction band.®”~"°

Due to band bending at n*-InGaN/AIN interface, an internal
electric field is generated, which leads to the photoresponse at
zero bias. At the lower wavelength side {hv > E, (2.88 eV)},
electrons are excited from the valence band to conduction band,
leaving behind holes in the valence band. Due to the presence of
an internal electric field, the holes left behind in the valence band
and the electrons in the conduction band are drifted and
collected, giving rise to a photocurrent. At higher wavelengths
{hv < E, (2.88 eV)}, the electrons get excited from the
intermediate energy level (at 580 nm) to the conduction band,
leaving behind immobile charges at the intermediate level, as
depicted in Figure 6g. This intermediate energy level repels the
holes, preventing recombination and thus increasing the
conductivity under illumination. As one moves toward even
higher wavelengths (hv < 2.13 eV), the absorption of photons is
reduced due to the absence of suitable intermediate energy levels
in the band gap (E,), thereby leading to a dip in the responsivity,
as shown in Figure 4. Therefore, we suggest that the
intermediate energy level, arising due to the nitrogen vacancies
in InGaN lattice, is playing a dominant role in the responsivity.

B CONCLUSIONS

n"-InGaN epilayer was grown by PAMBE on AIN template on
the n-Si(111) substrate. We have shown self-powered, ultrafast
photoresponse and broad band photodetection capabilities of
the n*-InGaN-based detector due to better crystalline and
optical quality. The self-powered photodetector exhibited high
spectral responsivity (9.64 A/W), detectivity, and high response
speed for low-intensity irradiance (0.1 mW/cm?), which
demonstrates, to the best of our knowledge, one of the best
results in terms of device performances till date. This work opens
up a technical route for SIS heterojunction photodetectors to be
used as promising devices for nanoscale electronics, optoelec-
tronics, integrated circuits, and light wave communications.
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