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1. Introduction

Significant progress has been made in the development of solar-
blind photodetectors (PDs) that operate in the ultraviolet (UV)
wavelength range (200-280 nm) for a variety of applications,
such as secure communication, missile guidance, environmental
monitoring, UV astronomy, and position navigation''~!. Solar-
blind PDs made of wide bandgap (WBG) semiconductors with
bandgap (E,) exceeding 4.4 eV have demonstrated great poten-
tial for replacing currently available commercial photomultiplier
tube (PMT) PDs, which have limitations such as being bulky,
fragile, and requiring Wood’s filters to cut off the detecting
wavelength[4]. To date, available WBG semiconductors include
MgZnO (E, = 3.35-7.8 ¢V, alloying)"!, AlGaN (E, =3.4-6.2¢V,
alloying)!®!, Ga, 0, (E, =4.6-53€V, polymorph-dependent)!”,
and diamond (E, =5.5€V, fixed)!®. Among them, Ga,0; pos-
sesses several evident advantages, such as a suitable E, for solar-
blind sensing, high exciton binding energy (up to 40-50 meV
at room temperature), a large breakdown electric field up to
8 MV/cm, excellent thermal, chemical, and radiation stability,
plus the availability of scalable high-quality crystals and films,
making it a building block for solar-blind PDs''"!,
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Ga,0;-based avalanche photodetectors (APDs) have gained increasing attention because of their excellent photoelectric
conversion capability in the UV solar-blind region. Integrating high-quality epitaxial Ga,0; with p-type semiconductor
remains an open challenge associated with the integration difficulty on alleviating its defects and dislocations. Herein,
we construct an APD consisting of epitaxial 3-Ga,05/LaggCag,Mn0;z heterostructure. The pn junction APDs exhibit a high
responsivity of 568 A/W as well as an enhanced avalanche gain of up to 3.0 x 10° at a reverse bias voltage of 37.9 V. The
integration capability demonstrated in this work provides exciting opportunities for further development of high-perfor-

Keywords: avalanche photodetector: Ga,0s; solar-blind: pn junction.

To date, Ga,05-based solar-blind PDs have been fabricated
with various device configurations, including the photoconduc-
tivel 117131, Schottky diode!'*-11, heterojunctionm"lg], and ava-
lanche PD (APD)!**?*!, Compared with other types of PDs,
APDs offer orders of magnitude higher responsivity and gain
and are conceivably becoming the research hotspot of the field.
All solid-state Ga,0;-based APDs allow low voltage operation
and optical filter-free integration, promising more compact
and robust solar-blind PDs. Through unremitting efforts, the
performance metrics for reported APDs are being continually
pushed in the direction of realizing high responsivity and ava-
lanche gain. APDs work in a high reverse bias condition, so this
allows avalanche multiplication of the charge carriers formed
upon the UV photon impact. The photon-induced charge car-
riers are accelerated and undergo cascade amplifications
through impact ionization with the electric field in the depletion
region. APDs implemented using pn junctions are favored to
form a broader depletion region. However, most reported
Ga,0;-based APDs so far are made of n-n isotype heterojunc-
tions, which take into account the intrinsic n-type nature of
Ga,0; and the associated band alignments'**~>?* Integrating
high-quality epitaxial Ga,O; with a p-type semiconductor layer
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remains a promising approach to enhance the APDs’ perfor-
mance, but there are challenges associated with the integration
difficulty on alleviating the defects and dislocations.

Orthorhombic perovskite manganites in the form of
Re;_,Ak,MnO; (where Re and Ak are rare-earth and alkaline-
earth ions, respectively) have raised considerable interest for
their fascinating physical properties'>>*®!. In manganite-based
systems, the cross coupling between different degrees of freedom
(structural, charge, spin, and orbital) gives rise to rich physical
phenomena, such as colossal magnetoresistance, charge/orbital
ordering, and electronic phase separation'?”). Especially, when
the alkaline-earth ion is a divalent ion such as Ca**, Sr**,
and Ba’", manganites exhibit hole-doped p-type semiconductor
characteristics with considerable large hole carrier concentra-
tions'**. Meanwhile, with a compatible lattice constant, perov-
skite manganites could be used as excellent p-type materials to
form a pn junction with Ga,0;**!. In this study, we construct a
solar-blind APD based on epitaxial -Ga,0;/LaggCag,MnO;
(LCMO) pn junction with ultrahigh gain and responsivity,
which is approaching the benchmark of commercial PMTs.
Moreover, perovskite manganites LCMO is an excellent p-type
semiconductor promoting epitaxial growth of various perov-
skite functional oxides. The integration technology demon-
strated in this work will be an important exploration in
developing high-performance Ga,0;-based electronic and pho-
tonic devices.

2. Experiments

The commercial (001)-oriented SrTiO; (STO) single crystal
(10mm X 10 mm) was employed as the substrate. A 100 nm
thick p-type LCMO layer was deposited using the pulsed-laser
deposition (PLD) technique with the following parameters: a
growth temperature of 700°C, an O, pressure of 20 Pa, a pulse
energy of ~80 mJ, and a repetition frequency of 2 Hz. After dep-
osition, the sample was annealed at 700°C under an O, pressure
of 4 x 10 Pa for 30 min before natural cooling down. Squared
patterns with an area size of 100 pm X 100 pm were defined
using a room-temperature-grown amorphous STO layer via
standard photolithograhy and lift-off procedure. A 300 nm thick
Ga, 05 film was then deposited using magnetron sputtering with
the following parameters: a growth temperature of 760°C, an Ar
pressure of 1 Pa, and an RF power of 70 W. Then, 30 pm X
30 pm squared Au/Ti metals were sputtered on top of both
the Ga,0; and LCMO layers as the ohmic contact electrodes
and were connected to a printed circuit board (PCB) using wire
bonding. The schematic structure of the APD device is shown in
Fig. 1. The crystalline quality of the sample was recorded by a
Rigaku D/max2500PC X-ray diffractometer. A Hitachi U3900
UV-VIS spectrometer was used to examine the optical bandgap
of the sample. A Keithley 4200 semiconductor characterization
system was employed to investigate the current-voltage (I-V)
characteristics. A commercial low-pressure UV lamp was
employed as the 254 nm light source. The chemical bonding
property was studied using a Thermo Scientific K-Alpha+
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Fig. 1. Schematic structure of the -Ga,03/LCMO pn junction APD.

XPS system with a monochromated Al-Ka (energy of
1486.6 eV) X-ray source.

3. Results

Figure 2(a) shows the X-ray diffraction (XRD) patterns of the
LCMO layer and Ga,0;/LCMO bilayer grown on STO sub-
strates. The results indicate that the Ga, O3 layer is of the mono-
clinic # phase (ICSD No. 34243). In addition to the STO
substrate peaks, both Ga,0; and LCMO exhibit obvious
(100)-oriented diffraction peaks. This suggests that the
LCMO/STO and Ga,0;/LCMO/STO heterostructures are epi-
taxial in nature, with the crystal lattices of the different layers
aligned with each other. If we consider the lattice compatible
with oxygen atom spacings between the Ga,O; and LCMO
structures, the in-plane epitaxial relationship of the Ga,0;/
LCMO/STO heterostructure is [001] Ga,0;//[011]LCMO//
[011] STO, indicating a specific orientation rotation between
each layer. The d spacing of the (400) plane of Ga,0j is deter-
mined to be 3.017 A from the peak position, slightly larger
than the bulk value of 2.971 A. This indicates that the Ga,0,
layer is under in-plane compressive strain due to lattice misfit.
Figure 2(b) shows the cross-sectional view of the atomic-level
arrangement of the $-Ga,05;/LCMO heterostructure interface,
which is critical for the performance and functionality of the
device.
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Fig. 2. (a) XRD patterns of -Ga,03/LCMO/STO (red line) and LCMO/STO [black
line); (b) atomic diagram of cross section in the (100) direction of pn junction.
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We then investigated the UV photoresponse performance of  bias increasing from 6 to 20 V, the dark current remains below
the APD with a Ga,03;/LCMO pn junction in detail. Figure 3(a) 10 pA, while the photocurrent shows a slightly increasing trend.
shows the I-V curves of the APD in the dark and under various ~ Note that the avalanche breakdown onset bias is around 20 V,
intensities of 254 nm light, all of which exhibit typical rectifica- ~ where both the dark current and photocurrents start to increase
tion characteristics. As the light intensity increases from 1 to  exponentially. The maximum M value for the Ga,0;/LCMO pn
100 pW /cm?, the measured photocurrent presents an increasing ~ junction APD can reach an ultrahigh value of 3.0 X 10° at a
trend. As shown in the inset of Fig. 3(a), the current increases as  reverse bias voltage of 37.9 V, which is among the highest values
the light intensity increases, even at a high voltage of =37 V. The  forrecently reported Ga,O;-based APDs. The responsivity (R) is
multiplication gain M reflects the device’s ability to amplify the ~ another critical FOM that reflects the PD’s ability to generate

photocurrent through avalanche multiplication and represents  photoexcited carriers and is calculated by R = Lla here P,

. . . P;S
an important figure of merit (FOM) for eYaluatlpg the per.for. ~ 8 1,,and I, represent the incident light intensity, effective irra-
mance of an APD. Thus, APDs endowed with a higher multipli-
cation gain will be more effective for amplifying the
photocurrent. It is defined as follows:

diation area (the electrode area is ignored for the convenience of
calculation), photocurrent, and dark current, respectively').
Figure 3(c) shows the light intensity-dependent photocurrent
and responsivity of the Ga,O;/LCMO pn junction APD at a
reverse bias of 20 V. The photocurrents exhibit a monotonic
increase with increasing light intensity. A decrease in responsiv-
(1)  ityathigher illumination intensities is also observed. As the inci-
dent light power increases, the number of free electrons
where I,(V) and I;(V) are the multiplied photocurrentand dark ~ increases along with the enhanced carrier scattering rate. The
current, whereas I,,(0) and I,(0) are the primary or unmultiplied springing free electrons also increase the probability of photo-
excited electron-hole recombination, which inevitably impairs
responsivity. The spectral selectivity of the APD is demonstrated
in Fig. 3(d). It is worth noting that the device shows a significant
response to light with 4 < 280 nm, with a peak at ~255nm,
while the photoresponse with 4 > 280 nm can be ignored, in
agreement with the intrinsic absorption edge of Ga,0s. These
results guarantee the obtained APD is solar-blind selective.
The external quantum efficiency (EQE) and linear dynamic
range (LDR) are two other important FOMs for assessing the
performance of the APD. The EQE is the ratio of the number
of carriers produced by the PD to the number of incident pho-

tons: EQE = Re—}f, where R is the responsivity, & is Planck’s con-

B Multiplied photocurrent CI(V) = 14(V)
~ Primiary unmultiplied photocurrent — 1,(0) — I,4(0)’

photocurrent and dark current that are measured in the absence
of multiplication, respectively®). The avalanche multiplication
curve of the pn junction APD is derived from the dark current
and photocurrent under 1 pW/cm? light irradiation. As shown
in Fig. 3(b), both the dark current and the photocurrent are
almost constant in the low reverse bias regime (< 6V). We
assume that this flat region is the unmultiplied region of the pho-
tocurrent curves, and therefore we take the unit gain M = 1 at
V =6 V. The reverse bias dependent on the corresponding M
values is shown on the right axis of Fig. 3(b). With the reverse

@ - (b) " — stant, c is the speed of light, e is the electron charge, and 4 is the
= N S z Bt N incident light wavelength. The EQE can be used to evaluate
T z 10 £ the efficiency of a PD converting light into electrical charge.
: = 20 S The LDR is defined as the ratio of the maximum to minimum
S 3 10 detectable light intensity and is typically expressed in decibels
- E},;Y;"ml - - (dB). An {&PD .with a .high LPR can accuratel).f detect. a v.vide

30 V")ZI‘:agé‘(“V) o 10 30 Vo]t';"ge v range of llght intensities, which is important in appl-lcatlons

ff) — — 20 (@5 where the light intensity may vary over a wide range. It is calcu-
§2"“"’ o\o Q |.5§ % - lated by LDR =20 log(%), where I, and I are the photocurrent
§ /OX:/° & % and dark current, respectively. The R, EQE, and LDR for the pn
glxw" ° \ % B "% 56mm junction APD as a function of reverse bias are displayed in
E o/ 9 [0S g % i Figs. 4(a)-4(c). The maximum R, EQE, and LDR reached
0~ = o " e T . 568 A/W, 2.77 X 10°%, and 83.3 dB, respectively. The obtained
Light Intensity (uW/cm?) Wavelength (nm) FOMs for pn junction APDs surpass those of reported

Ga,0;-based photoconductive PDs"***! and rank among the

Fig. 3. Solar-blind photoresponse characteristics of Ga;05/LCMO APD. (] -/ best values for Ga,O5-based APDs!20-2224],
curves (log scale) in dark and under different light illumination (1-100 pW/
cm?). The inset shows the /-V curves enlarged near —37 V. (b) Reverse /-V/
curves in dark and under 1 pW/cm? 254 nm light intensity: the right axis shows
the multiplication gain values. (c) The light intensity-dependent photocurrent
and responsivity at a reverse bias of 20 V. (d) Photorespanse spectrum ata ~ The photoresponse performance of an APD primarily deter-
reverse bias of 30 V. mines its energy band alignment, specifically, the barrier height

4. Discussion
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600 @ : C 1s peak (284.8 eV), we applied Kraut’s method to extract
g the band offsets of the Ga, 5 /LCMO pn junction as follows'**':
<300

Ga,0 Ga,0

& AE, = (EIM(;%OZP - E{Jl(l:?.l\l\//[[o) - (EGZZZP3 - EVaB21\43)

0 Ga,0
~ 3}) — By, — Eap)» )
Q\g °
T af AE, = (ELCMO _ f80s) _ A, 3)
=
g _/
=0 " In LCMO, Mn exists in different valence states (Mn3*t and
%0  (c) . Mn**t). Mn3T is the more dominant component and exhibits
= « *. . a more significant peak in XPS studies. Therefore, we used
% 40p . ¢ L . the Mn>* 2p;, and Ga 2p;, core levels (CLs) of LCMO and
= ® 2 Ga,0;, respectively, for the valence band offset calculations.

U 10 20 PR Furthermore, we partially extrapolate the tangent line near

the low binding energy position to intersect with the horizontal
extension line and determine the valence band maximum
at the intersection point. From Figs. 5(a)-5(c), we can
obtain the values of 1114.34 eV, 640.18 eV, and 476.71 eV

LCMO LCMO G203 Ga, 0, LCMO Ga, 0,
for Eypse o ~EviM > Ecazp — Evem and By 5 2p ~ EGazp >

respectively. AE, is calculated to be 2.55 eV according to
Eq. (2). We performed UV-VIS absorption spectrum measure-
ment on Ga,0; and LCMO films, and the obtained data were
processed using the Tauc plots method to obtain (ahv)? versus
hv, as shown in Figs. 5(d) and 5(e). By extrapolating Figs. 5(d)
and 5(e), the E, of Ga,0; and LCMO are found to be 4.88
and 1.42 eV, respectively, which are consistent with previous
studies!”?®!. By substituting these values into Eq. (3), we can

Reverse Voltage (V)

Fig. 4. (a) Responsivity; (b) EQE; and (c) LDR of Ga,0s/LCMO pn junction
APD under 1 pW/cm2 254 nm UV light intensity as a function of reverse
bias.

(Dp), built-in potential, and band offsets (AE, and AEV)BZ]. We
conducted X-ray photoelectron spectroscopy (XPS) to explore
the band diagrams of the Ga,0;/LCMO pn junction. To con-
duct high-resolution XPS study, we prepared three samples:
LCMO(~100 nm)/STO, Ga,03(~300 nm) /LCMO(~100 nm)/
STO, and Ga,0;3(~3 nm)/LCMO(~100 nm)/STO. After cali-
brating the binding energy shift of the XPS spectra using the

Fig. 5. CL and valence band XPS energy spectrum of (a) LCMO (~100 nm)/STO and (b) Ga,03 (~300 nm)/LCMO [~100 nm)/STO; (c) CL XPS energy spectrum of
Ga,03 (~3 nm)/LCMO (~100 nm)/STO sample; (d) bandgap of Ga,0; film; and (e) LCMO film determined by Tauc plots method: (f) band alignment at the Ga,0s/

LCMO pn junction.
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Fig. 6. Avalanche multiplication process of Ga,03/LCMO APD.

determine the value of AE, as 0.91 eV. These results are illus-
trated in the band alignment diagram of the Ga, 03 /LCMO het-
erojunction in Fig. 5(f). The Ga,O3;/LCMO pn junction exhibits
a Type-I nested alignment with a large AE, of 2.55 eV, which
forms an effective barrier against hole injection in the Ga,0;
layer, resulting in a large space charge region in the heterojunc-
tion. The formed broader depletion region increases the carrier
acceleration distance and promotes intense impact ionization.

When a reverse bias is applied to a Ga,0; /LCMO pn junction
APD, migrations of holes from Ga,03; to LCMO and electrons
from LCMO to Ga,0; occur simultaneously. This process is
illustrated in Fig. 6. At low reverse bias, the built-in electric field
in the space charge region of Ga,O; blocks the photogenerated
carriers generated upon the 254 nm UV irradiation. As the
reverse bias voltage increases, the carriers gain more kinetic
energy, which allows them to overcome the electric field barrier.
By increasing the reverse bias, photon-induced charge carriers
are accelerated and undergo cascade amplifications through
impact ionization within the broader depletion layer. Such a
multiplication process allows enhanced photoresponsivity and
avalanche gain'*”’,

5. Conclusion

In summary, the epitaxial Ga,O;/LCMO pn junction exhibits
outstanding photoelectric response characteristics in the
solar-blind APD. The band alignment of the heterojunction
was also studied to understand its avalanche breakdown mecha-
nism. The nested arrangement of the band alignment results in a
large valence band offset at the interface, which allows the pho-
toexcited carriers to be accelerated by increasing the reverse bias.
The designed APD incorporating epitaxial f-Ga,0;/LCMO pn
junction exhibits a broader depletion region, contributing to a
large responsivity of 568 A/W as well as an enhanced avalanche
gain of up to 3.0 X 10° at a reverse bias voltage of 37.9 V.
Moreover, Ga,0; is an emerging WBG semiconductor for vari-
ous applications of power electronics and optoelectronics. Thus,
the capability of epitaxially integrating Ga,O; with p-type

Chinese Optics Letters Vol. 21, No. 5 | May 2023

semiconductor demonstrated in this work offers more opportu-
nities to develop high-performance Ga,05-based electronic and
optoelectronic devices.
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