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Interface engineering is an effective way to improve the performance of heterojunction photodetectors
(PDs). We have constructed p-Si/n-ZnGa,O,4 heterojunction solar-blind ultraviolet (UV) PDs with and
without an SiO, interfacial layer and studied the effect of the SiO, interfacial layer on device
performance in detail. At —1 V bias, the dark current of the device from 3.8 x 1078 A to 5.7 x 1072
A was greatly reduced, specifically 6.7 x 10° fold, attributed to the high barrier induced by the insertion
of the SiO, interfacial layer. With the introduction of the SiO, interfacial layer, the photo-to-dark current
ratio and the detectivity of the device were greatly improved due to the substantial reduction of dark
current. Owing to the insertion of the SiO, layer reducing the carrier trapping at the interface defects,
the rise and decay times of the device were significantly reduced from 0.96 s/0.88 s to 0.12 s/0.08 s, i.e.
8 fold and 11 fold, respectively. Moreover, the large conduction band offset of Si/SiO, could effectively
block visible-light-generated electrons in Si, thereby suppressing the visible-light response and
enhancing the UV-visible rejection ratio of the Si/SiO,/ZnGa,O,4 PD. Our work has provided a feasible
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Introduction

Recently, wide-bandgap ZnGa,0, has attracted much attention
due to its ideal bandgap (E, = 4.4-5.2 €V), high carrier mobility
(~100 cm® V™' s7' at a high free-electron concentration of
~10" em™?), and excellent structural and thermal stability
levels, which make it a new promising candidate for the
fabrication of high-performance solar-blind ultraviolet (UV)
photodetectors (PDs)."™ The semiconductor p-n junction is
one of the most common structures of photodetectors, since
the built-in electric field of the p-n junction helps separate
electrons and holes from photogenerated electron-hole
pairs.”” According to the previous reports, ZnGa,0, is a
naturally n-type ternary oxide semiconductor due to the
presence of intrinsic defects such as oxygen vacancies and Gag,
(with the Zn site occupied by Ga) antisite defects.®*° Like other
wide-bandgap oxide semiconductors such as ZnO and Ga,Os3,
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the p-type doping of ZnGa,0, also faces great challenges.'™"?

Therefore, the reported ZnGa,O, p-n junction detectors can
only be constructed from p-n heterojunctions.” In particular,
the devices based on p-Si/n-ZnGa,0, have shown greater com-
petitiveness and practicality because of their potential develop-
ment prospects in the field of integrated optoelectronics.
However, there are many surface/interface states at the Si/
ZnGa,0, heterojunction due to the large lattice mismatch
between Si and ZnGa,0,, a feature that slows down the response
speed of the device and increases the dark current.'*'® Moreover,
since the bandgap of silicon is 1.12 eV, its absorption and response
to visible light reduces the UV-visible rejection ratio of the corres-
ponding UV detectors."”*°

Interface engineering, which can be deployed to modify
heterojunction interfaces and regulate carrier transport pro-
cesses, is one of the available effective ways to improve the
performances of heterojunction PDs.?’** To overcome the
above-mentioned issues, the SiO, interfacial layer is inserted
between the p-Si substrate and the n-ZnGa,0O, layer. First, the
insertion of the SiO, layer could modify the interface defect
states, and thus improve the response speed of the device.>**
Meanwhile, the visible-light-photogenerated electrons from Si
would be blocked by the SiO, layer due to the large conduction
band difference of Si/SiO, (AE. = 3.15 eV), thereby suppressing
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the visible-light response of the device.>**” In this work, p-Si/
n-ZnGa,0, heterojunction PDs with and without an SiO, inter-
facial layer have been demonstrated, and the influence of the
SiO, insertion layer on the device performance was system-
atically studied. With the introduction of the SiO, interfacial
layer, the dark current of the device was effectively suppressed,
and the photo-to-dark current ratio, response speed, UV-visible
rejection ratio, and detectivity of the device were greatly
enhanced. Moreover, the mechanism of device performance
changes was also analyzed in detail. Our work has provided a
feasible approach for enhancing the performances of Si/wide-
bandgap semiconductor heterojunction solar-blind UV PDs.

Experimental

A single-surface polished 500 um thick p-Si(100) substrate with a
resistivity of ~0.004 Q cm was cleaned sequentially with trichlo-
roethylene, acetone, alcohol, and deionized water. The SiO, layer
was obtained by carrying out a rapid thermal oxidation (RTO) of Si
at 1000 °C in high-purity oxygen (99.9996%). The ZnGa,O, films
were grown on both Si and Si/SiO, by performing metal-organic
chemical vapor deposition (MOCVD). The zinc, gallium and
oxygen precursors in the growth process were diethylzinc
(99.9999%), trimethylgallium (99.9999%) and high-purity oxygen
(99.999%), respectively, and their corresponding flow rates were
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20, 40 and 300 sccm, respectively. In addition, the substrate
temperature and chamber pressure used for growing the material
were 600 °C and 23 torr, respectively. After the growth of the
ZnGa,0, film, the PDs were made by performing photolithogra-
phy and sputtering an Au electrode on the surface of the ZnGa,0,
film and pasting an In electrode on the back surface of the Si
substrate as quasi-ohmic contacts (see Fig. S1, ESIT for metal-
semiconductor contact properties). The shape of the top Au
electrode is shown in Fig. S2 (ESIT). The structures of the Si/
ZnGa,0, PD and Si/SiO,/ZnGa,0, PD are illustrated in Fig. 1(a).

The crystal structure properties of the ZnGa,O, films were
evaluated using a Bruker DS8GADDS X-ray diffractometer (XRD).
The surface and cross-sectional morphologies of the ZnGa,0,
films were characterized using a HITACHI S-4800 scanning
electron microscope (SEM). The current-voltage (I-V) charac-
teristics and time dependence of the photocurrent (I-t) of the
Si/ZnGa,0, PD and those for Si/SiO,/ZnGa,0, PD were mea-
sured using an Agilent B1500A semiconductor device analyzer.
A 200 W UV-enhanced Xe lamp equipped with a monochroma-
tor was used to measure the spectral responses of the devices.

Results and discussion

Fig. 1(b) presents the XRD patterns of ZnGa,O, films grown on
Si and Si/SiO, (see Fig. S3, ESIT for the XRD patterns acquired of
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Fig. 1 (a) Schematic illustration of the produced Si/ZnGa,O,4 PD and Si/SiO,/ZnGa,O4 PD. (b) XRD patterns of ZnGa,O, films grown on Si and Si/SiO,.
(c and d) SEM images of surface and cross-sectional morphologies of the ZnGa,O,4 films grown on (c) Si and (d) Si/SiO».
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the Si substrate). The ZnGa,0, films grown on Si and Si/SiO,
yielded similar XRD patterns, with diffraction peaks observed at
18.50°, 30.40°, 35.78°, 37.56°, 43.48°, 57.48° and 63.24° and
attributed to diffraction from, respectively, the (111), (220),
(311), (222), (400), (333) and (440) crystal facets of ZnGa,0,
(JCPDS No. 38-1240). No SiO, peaks in the XRD pattern of
ZnGa,0, film grown on Si/SiO, were observed, indicating an
amorphous nature of SiO,. Fig. 1(c) and (d) show the SEM
images acquired of the surface and cross-sectional morpholo-
gies of the ZnGa,0, films grown on Si and Si/SiO,, respectively.
The surface of the ZnGa,O, film on Si and that on Si/SiO, were
relatively rough with many particles. The cross-sectional SEM
images suggested the same thickness of ~250 nm for both
7ZnGa,0, films, and a thickness of ~50 nm for the SiO,
insulating layer.

Fig. 2(a) and (b) show the I-V characteristics of the Si/
ZnGa,0, PD and Si/SiO,/ZnGa,0, PD in the dark and under
254 nm wavelength UV light illumination with an intensity of
1020 uW cm™ 2, respectively. As seen in Fig. 2(a) and Fig. S4
(ESIt), both devices exhibited obvious rectifying behaviors in
the dark. With the introduction of the SiO, interfacial layer, the
rectification ratio of the devices at +5 V greatly increased,
specifically from 1.3 x 10> to 2.1 x 10° due to a significant
suppression of the reverse dark current. The decrease in reverse
dark current of the Si/SiO,/ZnGa,0, PD can be mainly attrib-
uted to the high barrier induced by the insertion of the SiO,
interfacial layer. At —1 V bias, the dark current of the device
significantly decreased, specifically 6.7 x 10° fold, from 3.8 x 10~®
A to 5.7 x 107'* A upon including the SiO, layer. Under the
254 nm wavelength UV light illumination, the Si/ZnGa,O, PD
exhibited a higher photocurrent than did the Si/SiO,/ZnGa,0,
PD. The photo-to-dark current ratio (PDCR) is one of the
important parameters for evaluating the performance of a PD
and can be expressed using the equation”

PDCR = (Iphoto - Iclark)/ldark;

where Iphoto is the current under light illumination, and Iy is
the current in the dark. The PDCRs of the Si/ZnGa,0O, PD and
Si/Si0,/ZnGa,0, PD each as a function of bias voltage are
shown in Fig. 2(c). The PDCR of the Si/SiO,/ZnGa,0, PD at
reverse bias was obviously higher than that of the Si/ZnGa,0,
PD. At —1 V bias, the PCDR of the Si/Si0,/ZnGa,0, PD was 10°,
a value ~2 x 10° times higher than the PCDR value of 48 for
the Si/ZnGa,O, PD.

Fig. 3(a) and (b) present the levels of time dependence of the
photocurrent of, respectively, the Si/ZnGa,0, PD and Si/SiO,/
ZnGa,0, PD, each under 254 nm wavelength illumination with
the “ON” light intensity being increased step-wise with time
from 65 to 1020 uW cm > at —1 V bias. Compared with the
Si/ZnGa,0, PD, the Si/SiO,/ZnGa,0, PD showed a better ON/
OFF switching performance, with high reproducibility and
stability. Fig. 3(c) shows plots of the photocurrents of the two
devices each as a function of the 254 nm wavelength light
intensity at —1 V bias. With increasing light intensity, the
photocurrent of each device increased almost linearly. In
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Fig. 2 (a and b) /-V characteristics of the Si/ZnGa,O4 PD and Si/SiO,/
ZnGa,O4 PD (a) in the dark and (b) under 254 nm wavelength UV
light illumination with an intensity of 1020 pW cm™2. (c) PDCRs of the
Si/ZnGa,O4 PD and Si/SiO,/ZnGayO4 PD as a function of bias voltage.

general, photocurrent versus light intensity follows the

equation®*73°

Iphoto = APH;

where A is a constant, P is the light intensity and 0 reflects the
photocurrent efficiency related to the trapping and recombina-
tion dynamics of the photo-generated carriers in the PD. By
fitting this equation to the curves of photocurrent versus light
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(a) Time dependence of the photocurrent of the Si/ZnGa,O4 PD and (b) that of the Si/SiO,/ZnGa,O4 PD, each under 254 nm wavelength

illumination with the “ON" light intensity increasing step-wise with time from 65 to 1020 pyW cm™2 at —1 V bias. (c) Photocurrents of the Si/ZnGa,QO4 PD
and Si/SiO,/ZnGa,O4 PD each as a function of intensity of 254 nm wavelength light at —1 V bias. (d) The enlarged normalized transient current photoresponses
of the Si/ZnGa,O4 PD and Si/SiO»/ZnGa,O4 PD each under 254 nm wavelength illumination with an intensity of 1020 pW cm™2 at —1 V bias.

intensity of our Si/ZnGa,O, PD and Si/SiO,/ZnGa,0, PD
(Fig. 3(c)), 0 values of, respectively, 0.80 and 0.91 were obtained.
These results indicated that the insertion of the SiO, layer
could suppress the formation of interface defect states, thereby
reducing the trapping and recombination of carriers at the
interface.”

To evaluate the response speed of the devices, the normal-
ized transient current photoresponses of the Si/ZnGa,0O, PD
and Si/Si0,/ZnGa,0, PD to 254 nm wavelength illumination
with an intensity of 1020 pyW em™> at —1 V bias were obtained,
as shown in Fig. 3(d). The Si/SiO,/ZnGa,0, PD showed an
obviously more rapid response than did the Si/ZnGa,O, PD.
Rise time and decay time (¢, and ¢4) are defined as the times for
the photocurrent to, respectively, increase from 10% to 90%
and decrease from 90% to 10% of the maximum value. Notably,
the introduction of the SiO, layer was found to be associated
with significant decreases in ¢, and ¢4 from 0.96 s to 0.12 s and
from 0.88 s to 0.08 s, respectively. According to previous
reports, the response time of a heterojunction PD is usually
determined by the resistor-capacitor (RC) time constant, the
time of diffusion of carriers to the junction depletion region,
the transit time of carrier drift across the depletion region, and
the interface trapping effect.>>*> To determine the main reason

10016 | J Mater. Chem. C, 2021, 9, 10013-10019

for the response speed of our devices, various Si/SiO,/ZnGa,0,
heterojunctions with different thicknesses of the SiO, layer
(from 50 nm to 150 nm) were fabricated and investigated using
the same process. As the thickness of the SiO, insulating layer
was increased, the capacitance of the heterojunction gradually
decreased, but the response time (¢, = 0.12 s, t4 = 0.08 s) was
almost unchanged, as shown in Fig. S5 (ESIt). Therefore, the
RC constant was determined to not be the main factor affecting
the response speed of our devices. Additionally, the carrier
diffusion speed and drift speed were expected to be similar for
the devices with and without the SiO, layer, and thus were not
considered to be the main reason for the difference in the
response speed. The relationship between photocurrent and
light intensity, shown in Fig. 3(c), indicated that the insertion
of the SiO, layer could reduce the density of interface defects.
Thus, the SiO,-interfacial-layer-associated acceleration of
response speed was concluded to be mainly responsible for
the reduction in the extent of carrier trapping at the interface
defects.*"**** The time-dependent photoresponse characteris-
tics of Si/SiO,/ZnGa,0, PD under 254 nm wavelength illumina-
tion with an intensity of 1020 pW cm™> at different bias
voltages are shown in Fig. S6 (ESIt). This PD displayed excellent
stability under reverse bias, and the response speed of the

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Spectral responses of the Si/ZnGa,O4 PD and Si/SiO,/ZnGa,O4 PD
from 200 nm to 800 nm at —1 V bias.

device was almost unchanged as the bias was increased from
—1Vto—-5V.

The responsivity of the device can be calculated by using the
formula®> >’

R= (Iphoto - Iclark)/PS

where P is the incident light intensity, and S is the effective area
under irradiation. Fig. 4 shows the spectral responses of the
Si/ZnGa,0,4 PD and Si/SiO,/ZnGa,0, PD from 200 nm to 800 nm
at —1 V bias. The peak responsivity levels of the devices with
and without the SiO, layer at a wavelength of 242 nm were
approximately 95 mA W' and 259 mA W', respectively. The
decreased peak responsivity of the Si/SiO,/ZnGa,0, PD may be
associated with the strong blocking effect of the SiO, insulating
layer on photogenerated carriers. The —3 dB cut-off wave-
lengths of Si/ZnGa,0, PD and Si/SiO,/ZnGa,0, PD were both
determined to be about 250 nm. Moreover, the UV-visible
rejection ratio, defined as the ratio between the peak
responsivity and responsivity at 400 nm, was greatly enhanced
from 1.0 x 10° to 1.4 x 10* upon the introduction of the
SiO, layer.

View Article Online
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Detectivity is another vital parameter for evaluating the perfor-
mance of a PD and can be calculated using the equation®®*°

D = R/\/Zeldark/S

where e is the elemental charge. With the introduction of the SiO,
interfacial layer, the detectivity of the device at —1 V greatly increased
from 2.35 x 10* cm Hz? W' t0 7.03 x 10'2 cm Hz"> W™, and
this increase was due to the significant reduction of the dark
current. Table 1 summarizes the performance parameters of
typical Si-based heterojunction UV PDs. Our Si/SiO,/ZnGa,0,
PD clearly showed the largest UV-visible rejection ratio and
PDCR. Moreover, the response speed and detectivity of our
Si/Si0,/ZnGa,0, PD were also found to be better than those of
most Si-based heterojunction UV PDs.

To gain a good understanding of the influence of the SiO,
interfacial layer on the photodetection performance of the
device, Anderson-model-derived energy band diagrams of the
Si/ZnGa,0, and Si/Si0,/ZnGa,0, structures were drawn, as
shown in Fig. 5. To draw the energy band diagram, the band
gap E; and electron affinity y values of Si and ZnGa,0, were
taken from previous reports: Eg(Si) ~ 1.12 eV, E, (ZnGa,0,)
~ 5.2 eV; y(Si) ~ 4.05 eV, x(ZnGa,04) ~ 2.31 eV.>**% A type-1
band alignment was obtained in the Si/ZnGa,0, heterojunction
with the valence-band and conduction-band offsets of 1.74 eV
and 2.34 eV, respectively. In addition, based on SiO, electron
affinity and band gap values of ~0.9 eV and ~9.0 eV,
respectively,”® the conduction band offset of Si/SiO, was deter-
mined to be ~3.15 eV, and the valence band offset of SiO,/
ZnGa,0, was determined to be ~2.39 eV. For the Si/ZnGa,0,
PD, solar-blind UV light and visible light are mainly absorbed
by the ZnGa, 0, layer and Si substrate, respectively.® Clearly, the
introduction of the SiO, layer could yield a sufficient blocking
of the transport of electrons generated in Si under visible-light
illumination to the ZnGa,O, layer. Therefore, the Si/SiO,/
ZnGa,0, PD showed an obvious suppression of visible-light
photoresponse and thus a high UV-visible rejection ratio.
Meanwhile, under the solar-blind UV light illumination, the
large valence band offset of SiO,/ZnGa,0, prevented the photo-
generated holes in the ZnGa,0, layer from crossing into the Si;
hence the responsivity of the Si/SiO,/ZnGa,0, PD was lower
than that of the Si/ZnGa,0, PD.

Table 1 The reported performance parameters of typical Si-based heterojunction UV PDs

Photo-to-dark  Rise/decay Peak responsivity UV-visible Detectivity

Devices Dark current current ratio  time (Rpy mMAW ™) rejection ratio (cm Hz"* W)  Ref.
p-MgZnO: Sb/n-Si 096 L A@ -5V — <100 ms 320@ —30 V — 3.65 x 10" 4
p-Si/n-ZnO 719pA@ -2V — 0.44 8/0.59 s 21510 @ -2V — 1.26 x 10*? 42
p-Si/n-ZnO ~1pA@ -2V — — 340 @ -2V — 2.11 x 10*? 43
p-Si/n-ZnGa,0, 0.027nA@ 2V 490 0.25 5/0.067 s — — — 13
p-NiO/n-Si — — 1.53 5/0.7 s 160 @ —5V — — 44
p-Si/n-Ga,0; 0.85PA@3V 940 1.795/0.27 s 370000 @ 3 V — — 45
p-Si/i-MgO/n-ZnO ~2pA@ -5V 4.5 x 10* 47 s/— — 334.3 (Ry/Rs00) 1.15 x 10" 46
p-NiO/i-NiO/n-Si 054 pJA@ -2V — — — 915.3 (Ry/Rs00) — a7
p-Si/i-MgO/n-ZnO 05NnA@ -2V — — — 45 (Ry/R400) — 18
p-Si/n-ZnGa,0, 38nA@ -1V 48 0.965/0.88s 259 @ —1V 1.0 x 10°(Rp/Rsgo)  2.35 x 10" This work
p-Si/i-Si0,/n-ZnGa,0, 57pA@ -1V  10° 0.125/0.08s 95@ —1V 1.4 x 10*(Rp/Rapo) 7.03 x 10" This work

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Energy band diagrams of the (a) Si/ZnGa,O4 heterojunction and (b) Si/SiO,/ZnGa,O4 heterojunction under solar-blind UV light and visible light at

reverse bias.

Conclusions

In summary, we demonstrated a performance enhancement of
a p-Si/n-ZnGa,0, heterojunction solar-blind UV PD by inserting
a SiO, interfacial layer. Compared with the dark current at -1V
bias of the Si/ZnGa,0, PD, that of the Si/SiO,/ZnGa,0, PD was
more than three orders of magnitude lower. With the introduc-
tion of the SiO, interfacial layer, the photo-to-dark current ratio
and the detectivity of the device were greatly improved due to
the substantial reduction of dark current. The insertion of the
SiO, layer reduced the carrier trapping at the interface defects,
resulting in a significant increase in the response speed of the
device. Moreover, the large conduction band offset of Si/SiO,
could effectively block visible-light-generated electrons in Si,
thereby suppressing the visible-light response and enhancing
the UV-visible rejection ratio of the Si/SiO,/ZnGa,0O, PD. Our
work has provided a feasible method for constructing high-
performance Si-based heterojunction solar-blind UV PDs.
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