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nhanced Specific Detectivity and UV-to-Visible
Rejection-Ratio of Visible-Blind Metal—
Semiconductor—Metal Photodetectors,
Based on Epitaxial GaN/Si(111)

Pinki Pal*’, Amandeep Kaur, Sami Suihkonen™, Jori Lemettinen, Apurba Laha™,
Subhabrata Dhar™, and Suddhasatta Mahapatra

Abstract— A very high specific detectivity and UV-to-
visible rejection-ratio (UVRR) is reported for visible-blind
metal-semiconductor—-metal (MSM) photodetectors (PDs),
fabricated with gallium nitride (GaN) on Si(111) epitaxial
layers. Comprehensive analysis of different figures-of-merit
(FOM) reveals that the high specific detectivity results from
a large responsivity in the UV-A region of the electromag-
netic spectrum, and extremely low dark current, of the
PDs. The current transport mechanisms in the absence
and presence of illumination suggest that an internal gain,
which is attributable to photo-induced barrier lowering,
is responsible for the large responsivity of the PDs. The
dark current is reduced due to the use of platinum-gold
(Pt/Au) Schottky contacts, characterized by a relatively high
Schottky barrier height. The vast improvement of nearly
all FOMs, compared to those reported earlier for GaN/Si
PDs, is highly encouraging for the development of low-cost,
large-area arrays of visible-blind PDs.

Index Terms— Direct tunneling, epitaxy, gallium nitride
(GaN), Poole-Frenkel (PF) effect, responsivity, specific
detectivity, thermionic emission (TE), thermionic field emis-
sion, UV-to-visible rejection-ratio (UVRR), visible-blind pho-
todetectors (PDs).

[. INTRODUCTION

HE IMI-nitride family of semiconductors, and their alloys,
have emerged as an attractive material system for
the development of optoelectronic devices, for wavelengths
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spanning from the infrared to the deep ultraviolet region of the
electromagnetic spectrum [1], [2], [3], [4], [5]. In particular,
gallium nitride (GaN) is highly promising for the development
of visible-blind ultra-violet (UV) photodetectors (PDs), owing
to its wide (direct) band gap of 3.4 eV, and robust chemical and
thermal stability. Such UV-PDs are much-coveted for commer-
cial, space, and military applications, such as UV astronomy,
space-communication, flame detection, ozone layer monitor-
ing, and sensing in harsh working environments [6], [7], [8].
Over the past couple of decades, a large variety of GaN-based
PDs have been proposed and developed, including (p-n and
p-i-n) junction photodiodes [9], [10], [11], [12], Avalanche
photodiodes [13], Schottky-barrier photodiodes [14], [15]
and metal-semiconductor-metal (MSM) PDs [16], [17], [18],
(191, (201, [211, [22], [23], [24], [25], [26], [27], [28],
[29], [30], [31], [32]. However, further work is needed
to optimize the crucial performance metrics of GaN-based
PDs, especially for those fabricated with economical GaN
epitaxial layers grown on silicon (Si) substrates. Due to
the large lattice- and thermal-conductivity mismatch between
GaN and Si, obtaining high-quality large-area GaN/Si(111)
epitaxial layers is non-trivial. Nevertheless, recent advances
in controlling the threading dislocation density (TDD)
of GaN/Si(111) epilayers have fueled considerable inter-
est in the fabrication of robust and cost-effective visible-
blind UV PDs.

In this work, we report the fabrication and characteriza-
tion of GaN/Si(111) inter-digitated MSM PDs, demonstrat-
ing a record-high specific detectivity of 4.93 x 10'* Jones,
at 355 nm. The high specific detectivity results from
the extremely low dark current (~ few to few 100 pA,
at bias voltages of up to £40 V) and high responsiv-
ity (=250 A/W at 353 nm) of the fabricated MSM PDs,
with platinum—gold (Pt/Au) Schottky contacts. The maximum
UV-to-visible rejection-ratio (UVRR) is >10°, while the rise
time of PDs is ~55 ws. The report also provides valuable
insight into the carrier transport mechanisms operating at
different regimes of bias voltages, both in the presence and
absence of UV illumination.

0018-9383 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. (a) Optical microscope image of the MSM PD, showing the
inter-digitated finger contacts, and part of the large contact pads. Dimen-
sions of the finger-contacts, as well as their pitch, are depicted in this
figure. (b) Schematic of the MOVPE-grown IlI-N stack on Si(111) sub-
strate, terminated by a 900-nm-thick GaN layer. The compositions and
thicknesses of the different AlGaN layers, as well as the initially-grown
AIN layer, are mentioned. The inset shows, schematically, the
Pt (60 nm)/Au (120 nm) metal stack, used to make the finger-contacts
and the contact pads of the MSM PDs. (c) Reciprocal space map show-
ing the intensity distributions corresponding to the Si(111) reflection
and the different Ill-Nitride (002) reflections. (d) HRXRD rocking curves
recorded for the out-of-plane (002) and the in-plane (300) diffraction
peaks of GaN.

Il. EXPERIMENTS

The complete layout of the epitaxial III-Nitride heterostruc-
ture, with a 900-nm-thick, unintentionally-doped (UID) GaN
layer on top, is schematically shown in Fig. 1(b). Details of
the metal-organic vapor phase epitaxy (MOVPE) growth of
the sample are published in [20]. To realize the MSM PDs,
interdigitated contacts (IDCs) were fabricated by a combina-
tion of UV photolithography, oxygen-plasma ashing, oxide-
etching in 5:1 buffered-HF, and metal-stack deposition by dc
sputtering. An optical-microscopy image of the IDT contacts,
together with (sections of) the large contact pads for wire
bonding, is superposed with the schematic representation of
the II-nitride heterostructure in Fig. 1(b). The IDC consists of
4-um-wide and 100-um-long fingers, with consecutive fingers
separated by 12 um [Fig. 1(a)] with an active photosensitive
area of 14000 wum?. The metal-stack consists of a 60-nm
Pt layer in contact with the GaN layer, followed by 120-nm
of Au [schematically shown in the inset of Fig. 1(b)].

The crystal quality of the grown epi-layers was studied in
detail, combining w-26 scans, w-rocking curves, and recip-
rocal space maps, obtained using a Rigaku SmartLab high-
resolution X-ray diffraction (HRXRD) system. The carrier
concentration and Hall-mobility of the UID GaN layer were
evaluated using Hall-measurements. The dc photo-response
measurements were performed using a 150-W Xenon white-
light source, a Spectra high-throughput /3.5 monochromator
(with holographic 1200 I/mm precision grating), and a Keith-
ley 2450 source measure unit. A UV-enhanced Si photodiode
was used to obtain the spectral power distribution of the Xenon

lamp. The temporal response of the PDs was recorded using an
optical chopper (operated at 787 Hz), a 325-nm Hg—Cd laser,
and a digital oscilloscope (with a bandwidth and sampling rate
of 3 GHz and 2.5 GS/s).

I1l. RESULTS AND DISCUSSION

Fig. 1(c) shows the RSM recorded from the sample around
the (111) reflection of Si. Diffracted intensity distributions
due to the Si substrate, the AIN starting layer, and the GaN
device layer are labeled in Fig. 1(c). Intensity distributions
between those of AIN and GaN correspond to the step-graded
AlGaN buffer, consisting of three layers of different thick-
nesses and progressively lower Al content [as depicted in
Fig. 1(b)]. The Al-content of the different layers of the
step-graded AlGaN buffer was determined from wide-angle
w-26 scans (not shown), while their thicknesses were obtained
from cross-sectional scanning electron microscopy [20]. Lat-
tice and thermal-expansion mismatches between Si(111) and
GaN are minimized by the introduction of the AIN and the
step-graded AlGaN buffer layers, resulting in suppression of
the TDD [33], [34], [35], [36]. To obtain a reliable quantitative
estimate of the TDD, w-rocking scans were recorded for the
out-of-plane (002) and in-plane (300) reflections of GaN,
as shown in Fig. 1(d). From the full-width at half-maximum
(FWHM) values of these diffraction peaks (Aw), the edge
(pe) and screw (pg) dislocation densities were calculated
from the expressions pr = (A0®")?/(27 In2)b% and ps =
(A0 )2 /(27 In2)b}. Here, by = (1/3)(1120)) and bs =
(0001) are the Burgers vectors for edge and screw-type dis-
locations, respectively. We obtained pz = 9.91 x 10'° cm~2
and pg = 2.13 x 10° cm~2. These values are comparable to
those reported previously [33], [34], [35], [36]. We obtained
the unintentional n-type doping concentration of the GaN layer
7 x 10'%cm—3 and the mobility 200 cm? - V-1~

To analyze the performance metrics of the fabricated
MSM PDs, we first recorded the dark current characteristics
over a large bias-voltage range of 40 V, and for temperatures
varying from 298 to 473 K [Fig. 2(a)]. At room temperature,
the dark current (Ip) remains in the order of a few hundred
pA, even for bias voltages as high as Vy = 40 V. We note
that with Ni/Au Schottky contacts, MSM PDs fabricated on the
same GaN epitaxial layer showed a factor of 100-1000 larger
dark current over the probed range of Vp [20]. This is not sur-
prising considering the higher work function of Pt (5.65 eV),
compared to Ni (5.05 eV).

The temperature dependence of the dark current—voltage
(I-V) characteristics (I-V—-T characteristics) provides insight
into the carrier transport mechanisms, in our MSM PDs.
We consider the MSM structures to be back-to-back Schottky
diodes, wherein the reverse-biased Schottky contact deter-
mines the current for both bias polarities. Accordingly,
we identify four different transport regimes, within the range
of temperatures and bias voltages, depicted in Fig. 2(a).
Thermionic emission (TE) appears to be dominant in the range
between Vg = 2-10 V. As shown in Fig. 2(b), for the I-V
plots recorded at 323 and 473 K, a good fit of the TE equation,
17" = A x Jsexp(qVp/nksT)(1 — expl—(qVa/kpT)]) is
obtained for this Vg-range.
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Fig. 2. (a) Temperature-dependent V-T characteristics of the

MSM PDs. (b) Fitting of the TE transport equation, to the current
measured over the bias range of Vg = 0 — 10 V, for T = 323 and
473 K. Inset: Close-up of the TE-fitting, for T = 323 K. (c) Fitting of the
TFE transport equation, to the current measured over the bias range of
Vg=5-30V, for T=323 and 473 K. Inset: Close-up of the TFE-fitting
for T = 323 K. (d) Fitting of the PF transport equation, to the current
measured over the bias range of Vg = 30 — 40 V, for T = 323 and
473 K. Inset: Close-up of the PF-fitting for T= 323 K.

Here, Jg = A* x T?exp(®p/nkT) is the reverse saturation

current density and [ L()TE) is the measured current, while 7
is the measurement temperature. A*, ®p, n, and kp are the
Richardson constant, the zero-bias Schottky barrier height,
the ideality factor, and Boltzmann’s constant, respectively.
Assuming n =1, we obtained ®p to be equal to 994 meV,
at 298 K. However, ®p increases to 1.3 eV at 473 K, indicat-
ing barrier height inhomogeneity at the metal-semiconductor
interface, possibly due to interface roughness, point defects,
and/or dislocations [37], [38], [39].

Below Vg = 2V, the TE plot deviates from the measured
values, even at 473 K. Due to the large Schottky barrier at the
metal-semiconductor interface, the dark current in this bias
range is possibly controlled predominantly by direct tunneling,
even at elevated temperatures. On the other hand, the -V
characteristics recorded both at 323 and 473 K, over the bias
range of 10-30 V, show a good fit to the thermionic field emis-
sion (TFE) model, wherein the dark current is expressed as
1 L()TFE) = Ipoexp(qVp/e) [Fig. 2(c)]. Here, Iy is the saturation
current, and ¢ = [Ey/(Ew/kpT) — tanh(Ey/kpT)], where
E is a tunneling parameter that depends on the concentration
and effective mass of the majority charge carrier and the
dielectric constant of the semiconductor. From the fitting of
the 7-V plots, we obtain Eyy = 20.46 and 41.06 meV, at
323 and 473 K, respectively. As both values are comparable
to kT at the respective temperatures, it may be concluded
that TFE dominates the dark current in this bias range.

Finally, the relatively-weak dependence of Ip on Vj, in the
range from 30 to 40 V, indicates the onset of the Poole—Frenkel
(PF) effect. The PF effect is characterized by field-assisted
carrier excitation from localized traps, into the continuum of
conduction states. An excellent fit is obtained for the -V
plots recorded at both temperatures, with the PF equation,
157 = AquN.Eexp(—q/kpT[®r — (qE/meoes)']), as
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Fig. 3. (a) Colormap of the measured photocurrent [after subtracting
the dark current (Ip)], as a function of the applied bias (Vg) and the
wavelength (\) of the incident radiation. (b) -V characteristics under
illumination at four different wavelengths [denoted by the white dashed
lines in the colormap of (a)], together with the /p measured over the
entire range of Vp.

shown in Fig. 2(d). Here, A is the device area, u is the carrier
drift-mobility, N, is the density of states in the conduction
band or the continuum, ¢®7 is the trap energy level, E is
the electric field, €y is the high-frequency relative permittivity
of the semiconductor, and &g is the permittivity of vacuum.
From the fitting, we obtain ¢y = 670 meV and €, = 4.06,
at 473 K. The latter is in good agreement with reported values
for GaN [40].

Next, we focus on the photoresponse of the fabricated
MSM detectors. Fig. 3(a) shows a colormap of the obtained
photocurrent, as a function of both Vg and the wavelength (})
of the incident radiation. For all A, the photocurrents have been
plotted after subtracting the /p-component, at each V. On the
other hand, Fig. 3(b) shows the measured /-V characteristics,
at four specific wavelengths, corresponding to the dotted lines
in Fig. 3(a).

Also shown in Fig. 3(b) is the plot of Ip, measured over the
same Vpg-range. From the logarithmic color scale of Fig. 3(a),
it is evident that the photocurrent rises sharply, over the
wavelength range of ~320 to 380 nm. For a bias voltage as
small as Vp = 1V, the measured photocurrent (I, ~ 7.03 nA)
is nearly 3 orders-of-magnitude higher than the dark current
(Ip ~ 7.87 pA), at the UV-A wavelength of A = 353 nm.
Conversely, the photocurrent (I, ~ 42 pA) is only six times
the dark current, at the visible wavelength of A = 420 nm
(also measured at Vg = 1 V).

While four different carrier transport mechanisms were
observed to contribute to the dark current measured at different
bias voltages, TE appears to be the dominant mechanism
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Fig. 4. Colormap of the calculated (a) responsivity and (b) specific detectivity, as a function of the applied bias (V) and the wavelength (\) of the
incident radiation. (c) Responsivity (R) versus ), at different Vg [denoted by the white dashed lines in the colormap of (a)]. (d) Vg-dependence of
specific detectivity (D) and responsivity (R), both for A = 355 nm, and UVRR, defined as r= R*=3531m jgr=420nm_

governing the photocurrent, at different wavelengths. Fittings
of the TE equation are also shown in Fig. 3(b), with n =1.

An excellent fit is observed over the entire Vjp-range, for
illumination at all wavelengths, except A = 353 nm. For this
wavelength, the measured current is lower than that suggested
by the TE model, for up to Vz = 10 V. This indicates the
predominance of direct tunneling over TE. From the fits of
the TE equation, we determined the zero-bias Schottky-barrier
heights [®p(A)] over the entire range of wavelengths. Sub-
tracting these ®5(A) values from the ® 5 obtained earlier from
the Ip — Vjp characteristics, we calculated the photo-induced
Schottky-barrier-height (SBH) lowering [A® 5 (})], at different
excitation wavelengths. The A-dependence of AP z[ADg(1)]
is shown in the inset of Fig. 3(b).

The responsivity (R = (I, — Ip)/P;) and specific detectivity
(D = R(A)l/z/(ZqID)l/z) colormaps, as functions of both Vg
and A, are shown in Fig. 4(a) and (b), respectively. Here, P; is
the input optical power on the effective active-area (A) of the
PD, while g is the electronic charge. Fig. 4(c) shows the plot

of R versus A, for five different bias-voltages indicated by the
dotted lines in the colormap of Fig. 4(a). The A-dependence
of R appears to be the same, for all bias voltages, although
the absolute value increases continuously with increasing V.
As a representative value, we report R(A = 355 nm) =
280 mA/W and 53 A/W, at Vg = 1 and 10 V, respectively.
The Vg-dependence of the responsivity, at A = 355 nm is
explicitly shown in Fig. 4(d), where we observe values as
high as 200 A/W. The values of R(A = 355 nm) exceed
the theoretical value (R = 290 mA/W), for Vz > 1 V.
This is true also for the wavelength range of A = 320 -
380 nm [Fig. 4(b) and (c)], indicating that an internal gain
mechanism is operational. We note that the A-dependence of
R is qualitatively similar to that of the SBH lowering (A¢p),
shown earlier in the inset of Fig. 3(b). Therefore, the internal
gain in the MSM PDs may be attributed to hole-trapping,
which leads to photo-induced SBH lowering [39].

The A-dependence of the specific detectivity, D, fol-
lows the same trend as that of R (data not shown), since
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TABLE |

COMPARISON OF THE DIFFERENT FOM OF GaN PDs REPORTED IN THE LITERATURE

[Ref.] Author (Year) Dark Current Responsivity | Rejection Specific Rise Time Metal stack (Thickness)
(A) (A/W) Ratio detectivity (ms) (Fall
(Jones) Time (ms))
[27] Zhao (2000) - 6.9@5V 10 - 4.8 Al
[26] Wang (2007) - 4600@1V 1.8 - - Ni/Au (3/100 nm)
[30] Chuang (2007) 1.21 0.079@5V 43 3.9 - TiW (100 nm)
x 107°@5V x 102@5V Ni/Au (10/90 nm)
[15] Malinowski 20x 107 @ 0.135@-1V 15000 45x 1083 @ - Ti/Au/Mo/Au (10/40/25/50
(2009) -1V -1V nm)
Au (15 nm)
[25] Chiang (2010) 1.21 0.138@5V <2 - - Au
x 10"1°@s5v
[32] Chang (2013) 7.8 0.016@sV 2100 1.73 - TiW
x 10"B@s5v x 10°@5v
[31] Saron (2013) 6.13 0.0285@5V 233 - 7.1(10.4) Ni (250 nm)
x 10~°@5V
[24] Velazquez - 0.212@2V - - - Al-Al, Al-Cu, Cu-Cu
(2016)
[29] Lee (2017) - 0.05@1V - - - ITO (100 nm)
[28] Ravikiran (2017) | 4.3 0.183@15V 12000 5.5 - Ni/Au (150/350 nm)
x 10~1°@5v x 101* @5V
[36] Jain (2018) 6.5 0.28@10V - - 14 (12) Pt-Ag, Pt-Cr, Pt-Pt
x 1073@5V
[22] Krishna (2019) 100 2.1@1V - 1.3x10°@1V | 81 20) @1V Cr-Au
x 1073@5V
[23] Aggarwal (2019) 12 028@s5V - 9.8 X 10°@5V 80.5 (53) Au
x 1073@5V 0219@5V 52 (46.5) Ti/Al
02@sV 47.4 (43.8) Al
[20] Pokharia (2020) | 4.7 33.3@15V 33.32 4.6 3.5(4) Ni/Au (40/120 nm)
x 10~°@15V x 102@15V
[21] Yadav (2022) 5.73 x 14 x103@l - 1.83 x 1012 1140 (853) Au
10*@1V \% 539 (735) Pd
47 (21) ITO
[18] Jiang (2022) - 0.0714@1V - 7.1 x 108 4000 (11900) Au
As-prepared
220 (760)
annealed
This Work (2022) 8.5 X 53.0l@10V 36336 493 x 0.084 (0.079) Pt/Au
10" 2@10V 10“*@13V

Ip is three-orders-of-magnitude smaller than the photocurrent,
at Vg > 1 V. Together with R(A = 355 nm), D(A = 355 nm)
is plotted as a function of Vp, in Fig. 4(d). While the value
of D at 1 Vis 2.4 x 10" Jones, it saturates beyond ~13 V
to ~4.93 x 10" Jones.

Fig. 4(d) also shows the Vg-dependence of the UVRR,
which we define as r = RA=33 nm/RA=420 nm The UVRR
is maximum at zero bias (r = 2.41 x 106), while it reduces
to 3.42 x 10%, at V3 = 50 V. Comparing the value of the
estimated UVRR at 15 V (r = 2.3 x 10*) with that of similar
MSM devices with Ni/Au contacts (r = 33, [20]), we observe
>100-fold enhancement.

The temporal response of the MSM PDs, recorded at
different bias voltages, Vg (illumination-power, P;), while
keeping P, = 1 mW (Vp = 30 V) constant, is shown

in Fig. 5(a) [Fig 5(b)]. For these measurements, MSM PDs
with a larger-active area have been probed, wherein the
IDT consists of 10-um-wide and I-mm-long fingers, with
consecutive fingers separated by 90 pum. This ensured that
the entire photon flux was captured within the active area
of the PDs. For a fixed P; (Vp), the residual current in
the OFF-state (I,g) is observed to increase consistently, for
increasing Vg (P;), in Fig. 5(a) [Fig. 5(b)]. This may be
explained by an enhancement of the persistent component
in the photocurrent, caused by charging and discharging of
bulk traps. Several trapping centers, with characteristic times
varying from microseconds to hours, have been considered
in the literature [41], [42], [43], [44], [45], [46] to explain
the microscopic origin of persistent-photoconductivity in GaN.
However, such an investigation, which involves photocurrent
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Fig. 5. Temporal photoresponse for illumination at A = 325 nm at

(a) different bias voltages between Vg = 5 and 30 V and (b) different
illumination power levels between P; = 7.81 uW and 1 mW. The
illumination power in (a) is P; = 1 mW, and the bias-voltage in (b) is
Vg = 30 V. (c) Ratio of the ON and OFF currents as function of both
bias-voltage and illumination power. (d) Exponential fitting to the rising
and falling part of the temporal photoresponse used to estimate the rise
time and fall-time, respectively.

measurements over a range of temperatures, is beyond the
scope of this work. Nevertheless, the rise of I, with increasing
Vg may be attributed to increasing band-bending, and a
concomitant enhancement of the PF effect.

Hence, the rise of I, with increasing P; may be ascribed to
a higher concentration of trapped charges, which get trapped
and re-emitted at the large (fixed) V.

Despite this increase in Iy, the ratio of the ON-current
(Ion) to I increases, both with Vp and P; [Fig. 5(c)]. This
suggests that the photo-induced SBH lowering is predominant
under illumination, leading to the observed gain in the MSM
PDs. By fitting the rising and decaying parts of the temporal
response with the equations /(t) = I + A[l — exp(—’;—R’O)]
and I(t) = Iy + A[exp(—%)], respectively, we estimated
the rise time (tg) and fall-time (tr) of the PDs [Fig. 5(d)].
A and ¢t in the above equations are the scaling constant and
(ON and OFF) switching time, respectively. Tg (tr) decreases
(increases) monotonically from 84us (79 ws) to S5us (116
us), when Vg is increased from 5 to 30 V. These values are
nearly a decade lower than that observed in our earlier MSM
PDs with Ni/Au contacts [20].

V. CONCLUSION

In conclusion, we reported the fabrication and photore-
sponse characterization of GaN-based visible-blind MSM PDs,
with back-to-back Pt/Au Schottky contacts, and demonstrated
the maximum specific detectivity (Vg > 13 V) reported till
date. Table I shows a comparison of the different figures
of merit (FOM) of different GaN/Si PDs published in the
literature. The high specific detectivity is obtained due to
a very large responsivity of the PDs in the UV-A range,
combined with a low dark current, even for bias voltages as
high as 40 V. Responsivity values beyond the theoretical limit,

measured for Vg > 1 V, indicates the presence of internal
gain, which is mediated by photo-induced SBH lowering.
While the response time measured in this work is among the
lowest reported in the literature, the values are possibly limited
by persistent photoconductivity, well-known for GaN. Further
improvements in the time response, which may be achieved
by improvement in epitaxial growth of GaN on Si, can pave
the way for the development and commercialization of reliable
and low-cost visible-blind PD arrays.
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