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ABSTRACT

We report on a high performance Pt/n~Ga,03/n*Ga, O3 solar blind Schottky photodiode that has been grown by metalorganic
chemical vapor deposition. The active area of the photodiode was fabricated using ~30 A thick semi-transparent Pt that has up
to 90% transparency to UV radiation with wavelengths < 260 nm. The fabricated photodiode exhibited Schottky characteristics
with a turn-on voltage of ~1 V and a rectification ratio of ~10% at +2 V and showed deep UV solar blind detection at 0 V. The
Schottky photodiode exhibited good device characteristics such as an ideality factor of 1.23 and a breakdown voltage of ~110 V.
The spectral response showed a maximum absolute responsivity of 0.16 A/W at 222 nm at zero bias corresponding to an external
quantum efficiency of ~87.5%. The cutoff wavelength and the out of band rejection ratio of the devices were ~260 nm and ~10%,
respectively, showing a true solar blind operation with an excellent selectivity. The time response is in the millisecond range and
has no long-time decay component which is common in photoconductive wide bandgap devices.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5064471

Solar blind deep ultraviolet (DUV) photodetectors with
a cutoff wavelength below ~280 nm have been widely stud-
ied for a variety of military and civilian applications, including
flame sensing, missile interception, and air and water purifica-
tion."* Wide bandgap materials such as MgZnO, AlGaN, and
diamond have been investigated for their suitability for solar
blind photodetector applications.’%5-7 However, diamond has
a restricted sensitivity range due to its wide bandgap (5.5 eV).
Moreover, for MgZnO and AlGaN material systems, realiz-
ing true solar blindness is not straightforward due to chal-
lenges related to the growth of high quality materials with the
required composition. In MgZnO, the structural dissimilarity
between wurtzite ZnO and cubic MgO limits their solubil-
ity, promoting phase segregation.? In the past, the authors

have applied a pulsed metalorganic chemical vapor deposi-
tion (MOCVD) method to grow single phase wurtzite MgZnO
with a Mg content of 51% (Eg ~ 4.5 €V) on a ZnO buffer layer.®
However, the presence of the ZnO buffer layer significantly
reduced the out of band rejection ratio of the photodetector,
making it difficult to achieve true solar blindness.® Similarly,
the growth of Al rich AlGaN alloys requires a high substrate
temperature that deteriorates the surface quality for Al con-
tent > 0.45.7° From a practical point of view, it is desirable to
find an alternative wide bandgap material that is easy to grow
and demonstrates inherent absorption properties in the solar
blind spectral region. One of the alternative material systems
for DUV photodetection which has attracted a great deal of
attention in recent years is f-GazO3.!"
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p-Gay O3 is a wide bandgap oxide semiconductor widely
investigated for applications in high power devices'?'3 and
solar blind photodetectors.'*'> The material has a large
bandgap of ~4.9 eV and an estimated breakdown field of
~8 MV/cm.'® A key advantage of (-GapOs is the avail-
ability of free-standing p-GayOs3 substrates fabricated using
inexpensive melt techniques such as Floating Zone (FZ),'”
Edge-Defined Film-Fed Growth (EFG),'®'? and Czochralski
(CZ)?°21 methods. Owing to these benefits, a large body of
research on this material is focused on the study of power
devices, including MESFETs,'¢22 Schottky diodes,?*?% and
MOSFETs.?22526 Likewise, a significant body of work has
been reported on Ga,O3 based photodetectors by growing
epitaxial films on c-plane sapphire substrates by molecu-
lar beam epitaxy (MBE),272¢ pulsed laser deposition (PLD),?°
and MOCVD'# methods. However, these photodetectors are
based on metal-semiconductor-metal (MSM) interdigitated
electrode or back-to-back Schottky types which cannot oper-
ate without bias and suffer from slow response speed. To
overcome these shortcomings, and fully exploit $-GapOs
for solar blind photodetection, one needs to develop verti-
cal type photodetectors. However, only a few reports have
directly demonstrated the fabrication of vertical photodi-
odes based on either bulk Ga,Os substrate or epitaxial
films.'53031 Suzuki et al.3° and Oshima et al.>' have indepen-
dently demonstrated vertical Schottky photodetectors based
on bulk (100) f-Ga,O3 substrates showing high photorespon-
sivity under reverse bias voltage which was attributed to
the presence of internal gain. On the other hand, we have
recently reported a vertical Schottky photodiode based on
plasma assisted MBE (PAMBE) grown Ge doped epitaxial
B-Gaz0O3 on a Sn doped (010) p-GayO3 substrate. The device
showed a solar blind photodiode with a peak responsiv-
ity of 0.09 A/W at 230 nm with no applied bias and an
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out of band rejection ratio of 10%.1532 Despite not being
optimized, the performance of the device was comparable to
that of commercially available photodetectors and true solar
blindness was achieved. Similarly, Guo et al.>*>* reported self-
powered f-Ga,O3 based Schottky photodetectors by growing
the films on non-native substrates such as ZnO and Nb doped
SrTiOs; using the RF magnetron sputtering method. In this
work, we report on the first MOCVD grown lightly Si doped -
Gay03 based vertical Schottky photodiode. The device showed
a true solar blind photodiode with a peak responsivity of 0.16
A/W and an out of band rejection ratio of 10%, corresponding
to an external quantum efficiency (EQE) of more than 85%.
High quality, homoepitaxial, lightly Si doped -Ga,O3 was
grown on a Sn doped (010) -GapO3 substrate using an Agni-
tron Technology Agilis R&D MOCVD system. Triethylgallium
(TEGa), 40 ppm of SiH,4 diluted in He, and O (5 N) were used,
respectively, as metalorganic precursors for Ga, Si, and oxi-
dation. High purity Ar (6 N) was used as the carrier gas. First,
a thin (~150 nm) heavily Si doped layer (~2 x 10'® cm™) was
grown on the substrate followed by a 600 nm thick GayO3:Si
layer [see Fig. 1(a)] at a growth rate of ~ 0.8 um/h with a low
targeted Si doping concentration of ~10'® ¢cm=3. The growth
of the material in this study was conducted using optimized
growth conditions that previously led to the realization of
record room temperature electron mobility of 176 cm? /V 35
and low background doping concentrations (as low as
3 x 10% cm~2) in an unintentionally doped (UID) p-Ga;O3 epi-
taxial films.*¢ Further details of the growth conditions can be
found elsewhere.3” The grown layer showed a smooth surface
morphology with an RMS roughness of 0.54 nm, determined
from the 2D AFM image in Fig. 2(a) over a 5 x 5 ym? scan
area. The RMS value of the layer is comparable to the best
values available in the literature for p-Ga,Os3 layers grown
by MBE323° and MOVPE“C? despite using a growth rate over
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FIG. 1. MOCVD grown (3-Ga, O3 layer used for the study of vertical Schottky photodiode. (a) Schematic of the grown layer structure and cross-sectional view of the fabricated
photodiode. The active layer is coated with 30 A semi-transparent Pt metal. (b) Optical image showing the photomask used for the fabrication of the photodiode. The inner
disk is the active area of the photodiode with a diameter of ~500 zem. (c) UV-visible transmission for Pt films deposited by the e-beam evaporation method on c-plane sapphire
substrates with thickness ranging from 30 A'to 70 A. These transmission data are not corrected for sapphire substrates which absorb ~20%-25% in the deep UV region.“>
For the 30 A thick Pt window, the transmittance could reach up to 90% for radiation with wavelengths below 260 nm.
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(a)

three times higher. In Fig. 2(b), the high resolution x-ray
diffraction (HRXRD) (020) peak of the epilayer is shown. The
XRD full width at half maximum (FWHM) of the (020) peak is
40.4 arcsec which is comparable with bulk substrates.*'#? The
observed surface and structural quality show the capability
of the MOCVD method to grow device quality Gap,O3 epitax-
ial layers with a significantly faster growth rate than other
epitaxial techniques.324344

The as-grown film was fabricated into vertical type
Schottky photodiodes using standard lithography processes,
as shown in Fig. 1(a). Ti(20 nm)/Al(100 nm)/Ni(50 nm) metal
stack layers were evaporated on the back side of the Sn doped
B-GazO3 (010) substrate followed by annealing at 500 °C for
60 s in Ny to achieve a good Ohmic contact. Figure 1(b)
shows the top view of an optical image of the photomask used
to fabricate the vertical Schottky photodiodes. The Schottky
contact was achieved with Pt(20 nm)/Ni(20 nm)/Au(130 nm)
metal stack layers. The contact to the light absorbing (active)
region of the device is semitransparent with an ~ 30 A
Pt electrode and has a diameter of 500 um. The thick-
ness of the Pt metal used in this work was selected by
depositing Pt layers of various thicknesses on c-sapphire
substrates using the e-beam deposition method. Figure 1(c)

é T ¥ ¥ T "
(020) p-(‘;;a,zt::)3 FWHM=40.4 arcsec
3.8nm @
5
g
5, FIG. 2. (a) 2D AFM image showing the
= surface morphology and (b) HRXRD pat-
@ tern in the w-20 mode of the (020)
Q reflection of the $-Gay05:Si layer grown
= on the bulk n* B-Ga, 03 substrate for the
photodiode.
¥ N . - % ke 1
Height Sensor 1.0 pm 60.4 60.8 61.2
20 [deg]

(b)

presents the transmission of the Pt layers without correct-
ing for the sapphire substrate, showing an increase in the
transmission of the Pt films with the decrease in thickness.
For the 30 A Pt coated active region used in this work,
>65% transparency to the UV light at a wavelength below
260 nm is observed [Fig. 1(c)]. However, it is known that
in the deep UV region, sapphire absorbs ~20%-25% of the
light,*> suggesting that actual transmission of this Pt win-
dow could be as high as 90% in the wavelength range of
interest.

The doping concentration in the lightly doped GayOs:Si
layer was estimated from capacitance-voltage measurement
using a mercury CV probe (diameter of 735 um) on a sample
grown under the same conditions. Figures 3(a) and 3(b) show
the C (capacitance per unit area) versus bias voltage and the
charge distribution (Ngq-N,) depth profiles, respectively, for
UID layers (samples A and B) and a lightly Si doped layer (sam-
ple C) at an excitation frequency of 100 kHz. All three samples
(A, B, and C) were ~3.2 um thick and grown on semi-insulating
(Fe doped) (010) p-Gap O3 substrates at the same growth rate
as the GayO3:Si layer grown on a Sn doped (010) f-GazO3 sub-
strate used for the fabrication of the photodiode. Additionally,
sample C was doped to the same doping level as the Ga,O3:Si

FIG. 3. CV characteristics measured by
using a mercury probe at an excitation
frequency of 100 kHz for samples A,
B, and C grown on semi-insulating f3-
Gay 03 substrates. Samples A and B are
UID layers, while sample C is a lightly
Si doped layer. (a) C-V plot and (b)
extracted Ng-N, versus depth profiles.
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layer grown on the Sn doped (010) p-GayOs substrate.
The average N4-N, values for samples A, B, and C are
2.0 x 10" cm=3, 3.0 x 10" cm™3, and 1.8 x 10'® cm™3, respec-
tively, which are extracted assuming a dielectric constant
of 10.46 Room temperature Hall measurement conducted on
sample C using Ti/Au Ohmic contact showed an electron
mobility of ~120 cm?/V s and a free carrier concentration of
2.6 x 10’ cm~3 which is comparable with the corresponding
charge distribution obtained by CV measurement. Similar Hall
measurement attempts for the UID layers were unsuccess-
ful due to the resistivity of the layers. As seen in Fig. 3(b),
the charge distribution shows a flat profile, except a slight
variation for the UID layers, confirming a uniform charge
distribution in the grown films.

To investigate the device performance in the DUV region,
the response spectra of the photodiodes were measured using
a 150 W Xenon lamp (Ushio UXL 150S) radiation source. The
radiation passes through a scanning monochromator (New-
port Cornerstone 130 1/8 m) and is focused onto the detector
placed on a probe station. The photocurrent generated by
using the detector was measured by using a lock-in ampli-
fier (SR810 DSP) in sync with an optical chopper (Newport
75160 integrated chopper) at a frequency of 380 kHz. The mea-
sured spectra were then scaled by the responsivity profile
and power spectrum obtained from an 818-UV Si photodetec-
tor. The current-voltage (I-V) characteristics under “dark” and
“light” conditions were measured by using a Keysight B2987A
electrometer /high resistance meter.

Figure 4(a) shows the dark current density-voltage (J-V)
characteristics for the Schottky diode based on p-GapOs:Si
grown on the bulk p-GayOs:Sn substrate. The curve shows
excellent diode characteristics with a forward turn-on volt-
age of ~ 1.0 V and rectification ratio, (JJ(+2 V)|/|J(-2 V)]), of
~108. For Schottky contacts, the current voltage character-
istics are described by the thermionic emission equation

scitation.org/journal/apm

where Jo is the saturation current density, A" is the effective
Richardson constant, n is the ideality factor, q is the funda-
mental electric charge, k is the Boltzmann constant, T is the
absolute temperature, and ¢ is the barrier height at the Pt /p-
Ga, 03 junction. The A" value in this analysis is estimated to be
41 A cm™2 K2 using an electron effective mass of 0.342mg.48
For a forward bias voltage, V > 3kT/q, Eq. (I) can be re-
arranged to extract the ideality factor n and barrier height
¢p using a linear fit to the In J-V plot. Here, near unity n
and ¢, values of 1.23 and 0.98 eV, respectively, were esti-
mated for the GapOs3:Si based vertical Schottky photodiode.
These values are comparable with previously reported results
for Pt/p-GayO3 junctions annealed at 200 °C.23 Figure 4(b)
shows the dark reverse J-V characteristics of the Schottky
photodiode with a breakdown voltage, Vy,, of 110 V. This is
expected to be improved by using edge termination tech-
niques and conducting the breakdown voltage measurement
in a medium that prevents air breakdown such as Fluorinert
solution. To identify the electrical breakdown mechanism
and the potential use of the device as an avalanche photo-
diode similar to the GaN based photodiodes,*® a thorough
investigation including temperature dependent reverse bias
IV measurements is needed and is beyond the scope of this
work.

Figure 5(a) shows the current-time (I-t) measurements for
a Schottky diode in the dark and under illumination at 250 nm
without any external bias (zero bias). As shown in the fig-
ure, the device current increases sharply under UV light and
remains constant (~72 pA) so long as the light remains on.
Once the light is turned off, the current drops back to the
dark value. The observation of photocurrent due to illumina-
tion clearly indicates that the device behaves as a Schottky
barrier photodiode. The fast rise and fall in current with the
state of illumination shows the fast response of the photodi-
ode, while the absence of a long-time decay component is in

given by*” contrast to what is commonly found in MSM photoconduc-
I=1o (exp(qv/ ) _ 1) ()  tive wide bandgap devices. The 109-90% rise and fall times
nkT of the device were estimated to be ~0.5 s. Additionally, under
Jo = A*T? exp(—¢p/RT), (2) dark conditions, the near zero bias leakage current is ~200 fA,
8 — : : : 10° 25 . - : .
b |
o 4 10° 20| 1
G 8 ] §
-2
= 110 - T W 1 FIG. 4. (a) Current density-voltage (J-V)
= E T ae characteristics of the vertical Schottky
2 4 1{10* § E 1ol H diode based on $-Ga,03:Si. (b) Reverse
3 ] o &2 V=110V J-V characteristics showing a reverse
= 10¢°E 3 1 breakdown voltage of 110 V. The ideality
o 5 1 g 5h . factor and potential barrier at the P/f-
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FIG. 5. (a) Zero bias current-time (I-)
characteristics of the vertical Schottky
photodiode based on the (-Gay0;:Si
epitaxial film under dark and illumi-
nated conditions. The photogenerated
current under illumination is ~72 pA.
(b) Zero bias spectral response of the
Ptin~Ga,03/n*Gay 03 vertical Schottky
photodiode. The dashed line shows the
wavelength dependent responsivity for a
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confirming, indirectly, that the device has a high signal to
noise (S/N) ratio.

The room temperature absolute photoresponsivity of the
vertical Schottky photodiode with no bias is shown in Fig. 5(b).
The device showed a peak responsivity of ~0.16 A/W at 222 nm
wavelength with a cutoff wavelength of 260 nm. The out of
band rejection ratio (R222 nm/R350 nm) of the device is more
than four orders of magnitude, showing the strong selectivity
of the photodiode toward the solar blind spectral window. The
external quantum efficiency (EQE) of the device was estimated
using the relation, EQE=1240 xR /1, where R and X\ are the
absolute responsivity and wavelength, respectively. Inserting
the peak responsivity value and the corresponding wavelength
into the equation, an EQE of 87.5% was calculated for the -
Gay03:Si based photodiode. The dashed line in Fig. 5(b) shows
the wavelength dependent responsivity calculated using the
constant EQE value estimated here.

§-Ga,0, (MOCVD)
1-Ga,0, (MBE)

=]

Y

w
T

Responsivity (A/W)
(=]
=)

1 I I
200 250 300 350 400
Wavelength (nm)

FIG. 6. Comparison of the photoresponsivity of the 3-Ga,03:Si photodiode grown
using MOCVD (blue trace) with commercial devices based on GaN (black), SiC
(red), AlGaN (purple), and an MBE grown (3-Ga;03:Ge photodiode (magenta)
wide bandgap semiconductors. The data for GaN, AIGaN, and SiC are taken from
Boston Electronics Corporation spec sheets for devices with part numbers AG38S-
TO, AG32S, and SG01S, respectively. The MOCVD grown photodiode has shown
a nearly doubled responsivity compared to similar structure grown by MBE.

constant external quantum efficiency of

350 400 450 87.5%.

300

Wavelength (nm)

(b)

Figure 6 compares the photoresponsivity for the MOCVD
grown (-GayOs3:Si photodiode with the f-Gay0O3:Ge photo-
diode reported by the authors'> and commercial devices,
including GaN, SiC, and AlGaN wide bandgap semiconductor
materials (Boston Electronics Corporation: the data for GaN,
AlGaN, and SiC are for devices with part numbers AG38S-
TO, AG32S, and SGOIS, respectively). As seen clearly from
Fig. 6, the current device shows performance surpassing com-
mercial devices. Moreover, it offers the added advantage
of true solar blindness unlike available commercial devices.
As compared to the MBE grown p-Ga;03:Ge photodiode,
the responsivity of the device grown using MOCVD has
increased by ~1.8 times. This increase in photoresponsivity
can be related to the quality of the MOCVD grown layer with
a high electron mobility and reduced background impurity
levels.>536

In conclusion, high quality silicon doped p-GazOs
thin films were grown by the MOCVD technique and
fabricated into vertical type Schottky photodiodes with
a Pt/n Gap0O3/n*Gay03 (010) structure. The photodiode
showed excellent rectifying characteristics with a turn-on
voltage of ~ 1V, a rectification ratio of 108 at +2 V, and a
near zero bias leakage current of ~200 fA. The maximum
responsivity was measured to be ~0.16 A/W at 222 nm, corre-
sponding to a quantum efficiency of ~87.5%. The device exhib-
ited an out of band rejection ratio of ~10 and had a cutoff
wavelength of ~260 nm. The time response of the photodi-
ode is in the millisecond range with no long-time decay com-
ponent which is very common in the MSM photoconductive
wide bandgap devices. The photodiode also showed a reverse
breakdown voltage of 110 V.
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