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We demonstrate epitaxial f-Ga,03/GaN-based vertical metal-heterojunction-metal (MHM) broadband UV-A/UV-C photodetectors with high
responsivity (3.7A/W) at 256 and 365 nm, UV-to-visible rejection >10°, and a photo-to-dark current ratio of ~100. A small (large) conduction
(valence) band offset at the heterojunction of pulsed laser deposition (PLD)-grown $-Ga,O3; on metal organic chemical vapor deposition (MOCVD)-
grown GaN-on-silicon with epitaxial registry, as confirmed by X-ray diffraction (XRD) azimuthal scanning, is exploited to realize detectors with an
asymmetric photoresponse and is explained with one-dimensional (1D) band diagram simulations. The demonstrated novel vertical MHM
detectors on silicon are fully scalable and promising for enabling focal plane arrays for broadband ultraviolet sensing.

© 2018 The Japan Society of Applied Physics

olar-blind photodetectors operating in the ultraviolet

(UV) region of the electromagnetic spectrum have a

wide range of astronomical, strategic, and terrestrial
applications, particularly those that require devices to be
insensitive to the visible and infrared (IR) clutter within the
atmosphere.’'? Several applications, including dosimetry
during UV phototherapy, flame detection, bio-aerosol detec-
tion, non-destructive forensic examination, and astronomical
imaging, require detectors with a broadband UV spectral
response.>® Although wide-band-gap semiconductors such
as [I-nitrides (Al,Ga;_,N) and emerging -Ga,O; are attrac-
tive candidates for high-efficiency UV photodetectors owing
to their intrinsic solar blind nature, achieving a broadband or
multi-spectral UV sensor is still a major challenge. This is
because the spectral response reaches a peak near the band
edge and falls off gradually (sharply) on the short (long)-
wavelength side of the peak.

A broadband UV detector is theoretically possible using
heterojunctions of Al,Ga;_,N and GaN by exploiting the
tunable band gap and enabling selective wavelength absorp-
tion in a vertical device topology. However, material chal-
lenges, such as cracking of thick Al,Ga;_,N layers on GaN as
aresult of severe lattice mismatch, and a high conduction band
discontinuity (AE¢) at the Al,Ga;_,N/GaN interface” have
held back the development of such multi-spectral UV sensors.
In particular, the large AEc impedes the flow of photo-
generated electrons in a vertical device geometry, even if GaN
is grown on Al,Ga;_,N to circumvent the cracking issue in a
possible back-illuminated approach. Although p—i—n-based
heterostructures with multiple blocking layers of AlGaN with
various Al mole fractions have been utilized to realize multi-
spectral detectors, wavelength tunability is restricted owing to
growth complexity.” While the emerging f-Ga,03 devices
are heralding a new dawn of microelectronics®” and opto-
electronics®'? thanks to their many advantages over rival
wide-band-gap competitors,'® the study of (Al,Ga;_,),03
alloys for possible band gap tailoring towards broadband
UV sensing is yet to reach even an embryonic stage.

We demonstrate a broadband UV-A /UV-C detector formed
by energy band engineering of an epitaxial f-Ga,O3/GaN
stack on a silicon (111) platform. The detectors, with a high
spectral responsivity of 3.7 A/W and a good visible rejection
exceeding three orders of magnitude at an applied bias of 5V,
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Fig. 1. (a) Equilibrium energy band diagram of the $-Ga,0;/GaN
heterojunction simulated using a one dimensional Schrodinger—Poisson
solver software BandEng. (b) Schematic of the device epi-stack showing
/-Ga,05 and GaN as the active absorption layers. (c) Optical micrograph of
the fabricated device.

provide a band-pass response between ~256 and 365 nm by
utilizing both -Ga,03 and GaN as the active absorption layers
in the detector architecture and exploiting the small AE¢ ~
0.1eV at the Ga,03/GaN interface [Fig. 1(a)].'*!'> Such a
broadband response is not feasible by any Ill-nitride-only or
(Al,Ga;_,),03-only heterostructures. In fact, epitaxial hetero-
junctions of MI-nitrides/(Al,Ga;_,)>03, which are promising
for enabling next-generation high-performance transistors and
optoelectronic devices via physical and functional integration,
are little investigated. Most of the existing reports on $-Ga,O3/
GaN photodetectors are based on either lateral metal-semicon-
ductor—metal (MSM) detectors fabricated on polycrystalline /-
Ga,0; films realized through thermal oxidation of GaN'!o-1® or
on device architectures wherein the built-in electric field across
the n-p-Ga,Os3/p-GaN junction depletion region has been
utilized for the separation of photogenerated carriers.'>>” In
addition, the detector epi-stacks are grown on sapphire in all
these cases. Owing to the silicon platform, a vertical device
architecture, and lower growth complexity owing to the ab-
sence of doped layers, the metal-heterojunction-metal (MHM)
detectors reported in this letter are fully scalable and can easily
enable focal plane arrays (FPAs) for multi-spectral /broadband
UV sensing.

The schematic of the device epi-stack is shown in Fig. 1(b).
High-crystalline-quality 500-nm-thick GaN epi-layers were
grown on (111) silicon in an Aixtron 200/4-HT horizontal-

© 2018 The Japan Society of Applied Physics
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flow low-pressure metal organic chemical vapor deposition
(MOCVD) reactor. Prior to growth, the silicon wafer
was cleaned ex situ as well as in situ, as described by
Chandrasekar et al.?)) The growth began with a two-step AIN
layer (a 60 nm layer grown at 1050 °C followed by a 90 nm
layer grown at 1150°C), that, along with a micron-thick
AlGaN step-graded buffer, helped realize a GaN layer with a
very smooth surface morphology (<1 nm rms roughness over
a 10 x 10um? scan area) and low surface pit density. Sub-
sequently, pulsed laser deposition (PLD) was used to grow
a 100-nm-thick p-Ga,05 film. 99.99%-purity Sigma-Aldrich
Ga,0j; crystalline powder was pressed and sintered at 1300 °C
for 10h to prepare the target. The deposition chamber was
evacuated to 5 X 10~®mbar, after which the substrate was
heated to 700 °C by resistive heating. Prior to deposition, the
target was precleaned using 1000 laser pulses at a fluence of
2J/cm? and repetition frequency of 5 Hz. During deposition,
the fluence was maintained at 2J/cm? and the target was
rotated at a speed of 2-3rpm. After the deposition, samples
were cooled to room temperature in vacuum. The crystallinity
and structural quality of the deposited films were investigated
using a Rigaku four-circle X-ray diffractometer.

Vertical MHM photodetector devices [Fig. 1(c)] with an
active device area of 0.1 mm? were realized using i-line
optical lithography-based patterning for top (Ga,Oj3) and
bottom (GaN) layers. The mesa region was defined by reactive
ion etching (RIE) of the Ga,0O; layer using a Cl,/BCl;/Ar-
based gas chemistry, and the etch depth was confirmed to be
~300nm from atomic force microscopy-based step-height
measurements. E-beam-evaporated Ni/Au (30/100 nm) was
used to form Schottky contacts to both active layers.

The details of photocurrent and spectral responsivity meas-
urements are reported elsewhere.”” A Schrodinger—Poisson
solver along with standard material parameters was used for
the band diagram simulations.?>>%

The X-ray diffraction (XRD) 6-26 scan [Fig. 2(a)] of
the epi-stack shows the Bragg reflections corresponding to
P-Ga,03, wurtzite GaN, and silicon. The peaks at 26 values of
18.90, 38.32, and 59.18° correspond to the (201) family of
planes of f-Ga,O;. The Bragg reflections at 34.53 and 36.11°
correspond to (002) planes of GaN and AIN, respectively,
whereas those at 34.88, 35.19, and 35.56° (marked by the
symbol &) emerge from the step-graded AlGaN-buffer layers
beneath the GaN absorber layer. The peaks at 28.31 and 58.74°
correspond to the (111) and (222) planes of Si, respectively.
Thus, from the #-26 scan, it can be confirmed that $-Ga,0j is
phase pure and is oriented such that (201)g.03 || (002)Gax ||
(111)g;. The ¢p-scans shown in Fig. 2(b) further confirm the in-
plane orientation of f-Ga,O3 with respect to GaN. Six peaks
separated by 60° confirmed the six-fold symmetry for both
GaN(110) and f-Ga,05(111). Since -Ga,O3 has a monoclinic
structure, the {111} planes exhibit two-fold rotation symmetry,
but the underlying GaN surface exhibits threefold rotational
symmetry leading to the growth of three crystallographic
variants along each direction at the same rate, resulting in
six-fold rotational symmetry in the ¢-scans.?>*® From 6-20
and ¢-scans we can determine the orientational relationships to
be (201)6a203 | (001)Gan, [102]6a203 Il [100]Gan, [010]6a203 |l
[110]gans [102]Ga203 Il [110]Gan, and [102]ga203 || [100]gan-
Full width at half maximum (FWHM) values of the XRD
rocking curves (@w-scans) of symmetric and asymmetric planes
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Fig. 2. (a) High-resolution XRD 6-26 scan confirming the (201) epitaxial
registry of monoclinic #-Ga,O3 on (001) GaN. (b) Six peaks in the ¢-scans of
(011) plane of GaN and (111) plane of #-Ga,O3 confirming the out-of-plane
orientation. (c) @ scans of the symmetric (201) and asymmetric (111) planes
(inset) of monoclinic f-Ga,03.

Table I. FWHM values (deg) of rocking curves of symmetric and
asymmetric planes of GaN and f-Ga,03.
GaN(002) GaN(102) $-Ga,03(201) S-Ga,053(111)
0.24 0.40 1.05 5.80

for GaN and f-Ga,O; [Fig. 2(c)] are compiled in Table 1. The
typical background carrier concentrations in the grown Ga,O3
and GaN layers are ~10'>cm™3, as determined by contactless
Hall and resistivity measurements.

For the discussion that follows, the measurement config-
uration where the MHM devices are biased such that Ga,Oj3 is
biased positive with respect to GaN will be termed forward
bias and that where Ga,Oj3 is biased negative with respect to
GaN, reverse bias. The current—voltage (I-V) characteristics
across the devices under dark and UV illumination (at 256 and
365nm, corresponding to f-Ga,O; and GaN band edges,
respectively) were then investigated for the two different bias
conditions. Asymmetry is observed between the dark (/p,x)
and light (rjgn) current levels under different bias conditions
(Fig. 3). The dark current across the detectors is always
limited by the current across the reverse-biased Schottky con-
tact and hence, the dark current is limited by the current across
the reverse-biased Ni/GaN Schottky barrier under forward
bias and by the current across the Ni/Ga,O; barrier under
reverse bias. The marginally higher Schottky barrier height
for the Ni/Ga,O3 junction compared to the Ni/GaN junc-
tion?”?® explains the small asymmetry in the dark I-V
characteristics. The optical power density of the xenon lamp
used for these measurements was 6.7mW/cm? at 256 nm
and 20.1 mW/cm? at 365 nm illumination wavelengths, which
explains the lower measured light current at 256 nm than that
at 365 nm under both bias conditions. The ratio of the currents
measured under UV and dark illumination, however, exceeds

© 2018 The Japan Society of Applied Physics
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Fig. 3. [-V characteristics (semilog scale) showing the asymmetry in the

dark and light currents measured across the fabricated detectors under the

two different bias configurations. The lower light current at 256 nm than that

at 365 nm is due to a lower power emitted by the xenon lamp at 256 nm
(6.7mW /cm?) than that at 365 nm (20.1 mW /cm?).

two orders of magnitude at all bias voltages. The asymmetry
with respect to the bias direction is, nevertheless, more
pronounced for light current than for dark current, which can
be attributed to the band alignment at the heterojunction.
Under illumination, the photogenerated holes drift towards the
Ni/GaN contact under forward bias, whereas under reverse
bias, they drift towards the Ni/Ga,;03 contact. The asymmetry
in the forward and reverse /-V characteristics for light current
(at both 365 and 256 nm) could be attributed to the fact that
holes (in GaN) face a large valence band offset (1.4eV) at the
GaN/Ga,0; interface while drifting to the Ni/Ga,O3 contact
under reverse bias, unlike under forward bias conditions.
Thus, the number of holes reaching the Ni/GaN contact (i.e.,
forward bias) is much larger than the number reaching the
Ni/Ga,03 contact (under reverse bias). Moreover, there could
also be a difference in the degree of hole trapping at the
two contacts. This, along with the possible large difference
in the number of holes reaching the two electrodes (and
therefore, asymmetric barrier lowering), leads to asymmetric
I-V characteristics under forward and reverse biases.
Spectral responsivity (SR) values at any given values of
applied bias and wavelength were calculated by obtaining
the ratio of the measured photocurrent (Iphoto = I1ight — IDark)
with the optical power (Py,) at that wavelength. The variation
of SR with wavelength for different values of applied bias is
shown in Figs. 4(a) and 4(b). When Ga,Oj; is biased positive
with respect to GaN, the device exhibits a broadband UV-A/
UV-C spectral response with peaks at wavelengths corre-
sponding to the band gap of the two absorption layers (256
and 365 nm), with a high DC spectral responsivity of 3.7 A/W
at both 256 and 365nm for an applied bias of 5V. The
broadband spectral responsivity exceeded 25 A/W at an
applied bias of 40V and the dark-current-limited near zero-
bias detectivity for these detectors was estimated to be
4.7 % 10"%cmHz!/?W~!. The measured external quantum
efficiency (EQE) exceeds 100%, indicating an internal gain
mechanism in these devices. We have previously reported the
observation of similar gain mechanisms in Al(GaN)*? and
Ga,03'Y MSM lateral photodetectors, and our experiments
revealed trapping of photogenerated holes by negatively
charged acceptor states present either at the metal/semi-
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Fig. 4. SR variation with wavelength under (a, b) forward and
(c, d) reverse bias.

conductor interface or in the semiconductor bulk with a
consequent barrier lowering under UV illumination to be
a plausible reason for the same. A similar hole-trapping
associated photo-induced barrier lowering might be contribu-
ting to the observed gain and consequently a high responsivity
(or EQE) in the case of these MHM detectors as well. Under
the reverse-bias conditions, the response at 365nm is
enhanced compared with that at 256 nm: 0.6 and 0.75 A/W
at 256 and 365 nm, respectively, at 40 V. The UV-to-visible
rejection ratio, which is defined as the ratio of the SR at
500 nm to that at 365 nm, exceeded three orders of magnitude
under both bias conditions.

To confirm that the observed spectral response at 256 nm
included a contribution from photogeneration in the $-Ga,O3
epi-layer and was not due to low-wavelength (high-energy)
absorption in GaN, the spectral response measured across
devices with similar geometry fabricated on the GaN-only
region (a small portion intentionally masked during Ga,0O;
growth) in the same wafer was compared with the response
obtained for MHM detectors at the same bias voltage (5V in
this case). The SR for the devices on the GaN layer reached a
peak at 365nm (3.3 A/W) and fell on both the higher- and
lower-wavelength sides of that peak (Fig. 5) without any peak
at 256 nm, which is in contrast to the UV (256 nm)-enhanced
spectral response for the $-Ga,03;/GaN MHM devices. This
confirms the $-Ga,03-based origin of the observed high SR
(3.7A/W) at 256 nm for the MHM detectors, and the meas-
ured responsivity values compare well with the ones reported
in the literature for $-Ga,Os-based detectors.!!2%2%3 The
relatively sharp fall in responsivity for sub-365nm wave-
lengths across the GaN-only detectors is not observed for the
MHM detectors, which can be attributed to a reduced surface
recombination velocity at the GaN surface in the case of the
MHM detectors, suggesting that Ga,O; acts as an efficient
surface passivation layer for GaN. Therefore, the broadband
spectral response is due to absorption and photogeneration
in GaN and Ga,O3 as well as to the passivation effect of
crystalline Ga,O3 in enhancing the sub-365nm response of
GaN, leading to a high response between the two peaks, i.e.,
between 256 and 365 nm. It should, however, be noted that

© 2018 The Japan Society of Applied Physics
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observed device characteristics.

the passivation layer alone cannot contribute to a distinct
band edge®' ¥ at 256 nm and that the band edge at 256 nm
observed for these detectors is indeed contributed to by the
collection of photogenerated carriers in the Ga,0O; layer.
The asymmetry in the obtained spectral response with
respect to the bias conditions can be explained using the
energy band diagrams shown in Fig. 6. Under forward bias
and 256 nm illumination [Fig. 6(a)], ~63% of the light will be
absorbed in the 100-nm-thick Ga,03 (assuming an absorption
coefficient of 10° cm™"),* and photocarriers will be generated
in Ga,05 as well as in GaN. The low conduction band offset at
the heterointerface allows photo-generated electrons in GaN
to get collected at the positively biased Ga,O3 contact. Photo-
generated holes in GaN get collected at the negatively biased
GaN electrode. The high hole effective mass and the con-
sequent low hole mobility?® in the Ga,0; layer do not allow
the collection of photo-generated holes at the negatively
biased GaN contact, and the major contribution to photo-
current under 256 nm illumination is by electron collection
at the Ga,0O5 contact. Under reverse bias [Fig. 6(b)], photo-
generated holes in GaN cannot get collected because of the
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high valence band offset at the heterointerface. The photo-
generated electrons however, get collected at the positively
biased GaN electrode. Under 365 nm illumination [Figs. 6(c)
and 6(d)], carriers will be generated only in the GaN layer
since the top Ga,03 is transparent to this wavelength. These
carriers will be efficiently collected under forward bias but
will face a high lateral sheet resistance during reverse bias.
By lateral sheet resistance, we are referring to the resistance
associated with the lateral flow of electrons in GaN as they get
collected at the Ni/GaN junction (indicated by the red arrow
in the schematic of the epi-stack in Fig. 6). Under reverse
bias, as illustrated in the band diagram schematic, the photo-
generated electrons in GaN must travel a lateral path of about
3 um to accumulate at the Ni contact. However, for forward
bias, the field direction is the opposite, and the photogenerated
electrons are swept to the Ni/Ga, O3 contact where the carriers
need to travel only a vertical distance of approximately
300 nm. This is what leads to the observed reduced spectral
responsivity under reverse bias. The higher SR at 365 nm than
that at 256 nm for the reverse-biased configuration possibly
arises from the fact that carriers generated in the f-Ga,O3
epi-layer must traverse a greater distance than those generated
in the GaN layer. This can lead to them becoming trapped/
recombined before they can get collected at the positive GaN
electrode.

Improved crystalline quality of the epi-layers and the
interface between them, along with sidewall passivation, con-
tact annealing, and a smoother etched surface morphology,
can help mitigate the relatively high dark current. In addition,
device design modifications, such as doping the underlying
GaN n-type layer, replacing the Schottky GaN contact with
an ohmic contact, and the use of a thicker f-Ga,0O; layer,
could enable a self-powered dual-band UV-A/UV-C photo-
detector in this MHM architecture.

In summary, we demonstrated a vertical metal-heterojunc-
tion-metal photodetector that utilizes the epitaxial integration
of the two most promising candidates for UV photodetection,
P-Ga,05 and GaN, on a silicon (111) platform. The devices
exhibited a broadband spectral response in the 256 to 365 nm
wavelength region with a responsivity of 3.7A/W at 5V. A
UV-to-visible rejection ratio exceeding three orders of mag-
nitude and a near-zero-bias dark-current-limited detectivity of
4.7 x 10'°cm Hz!'/> W~! were observed for the detectors. This
device design circumvents the need for doping or an ohmic
contact, and the vertical topology allows the integration of
these detectors into arrays that can be utilized for UV-imaging
applications.
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