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Abstract Deep ultraviolet photodetectors based on p-Si/n-

Ga2O3 and p-Si/i-SiC/n-Ga2O3 heterojunctions were fab-

ricated by laser molecular beam epitaxial (L-MBE),

respectively. In compare with p-Si/n-Ga2O3 heterostruc-

ture-based photodetector, the dark current of p-Si/i-SiC/n-

Ga2O3-based photodetector decreased by three orders of

magnitude, and the rectifying behavior was tuned from

reverse to forward. In order to improve the quality of the

photodetector, we reduced the oxygen vacancies of p-Si/i-

SiC/n-Ga2O3 heterostructures by changing the oxygen

pressure during annealing. As a result, the rectification

ratio (IF/IR) of the fabricated photodetectors was 36 at

4.5 V and the photosensitivity was 5.4 9 105% under the

254 nm light illumination at -4.5 V. The energy band

structure of p-Si/n-Ga2O3 and p-Si/i-SiC/n-Ga2O3

heterostructures was schematic drawn to explain the physic

mechanism of enhancement of the performance of p-Si/i-

SiC/n-Ga2O3 heterostructure-based deep UV photodetector

by introduction of SiC layer.

1 Introduction

b-Ga2O3-based ultraviolet (UV) photodetectors [1–7], such

as p–n junctions, metal–semiconductor–metal (MSM) and

Schottky barrier structures, have attracted intensitive

attentions due to the unique physical properties of b-
Ga2O3, including a direct band gap of 4.9 eV, high trans-

parency, low cost and high resistance to radiation. Com-

pared with MSM photodetector, junction-based detector

usually exhibits extraordinary behavior, such as large

photoelectric responsivity and fast response speed. On the

other hand, b-Ga2O3 shows a n-type semiconductor due to

the presence of a donor band related to intrinsic oxygen

deficiency [8, 9]. Thus, a p-Si/n-Ga2O3 heterojunction

photodetector has been developed owing to the low cost of

the Si substrate and easy fabricated for integrated circuits

[7]. However, a large dark current is critical issues asso-

ciated with the heterojunction photodetectors owing to the

thick Si substrate [7, 10]. In fact, the dark current can be

reduced by inserting an intrinsic (i) layer between p and n

layers [11–14]. Recently, Chen et al. reported that the n-

ZnO/p-Si NWs photodiodes exhibit high responsivity

under a reverse bias by inserting an ultrathin SiO2 layer on

top of Si NWs [15]. Alternatively, Guo et al. reported that

n-ZnO/i-MgO/p-Si photodetector showed a rectification

ratio of about 104 at 2 V and a dark current of 0.5 nA at

-2 V [16]. Based on the literatures mentioned above, SiC

as a wide band gap material is promised to be an appro-

priate hole blocking layer to improve photoelectric per-

formances of p-Si/i-SiC/n-Ga2O3 photodetectors.

In this study, p-Si/n-Ga2O3 and p-Si/i-SiC/n-Ga2O3 UV

photodetectors were fabricated by different oxygen pres-

sure. The UV photodetectors exhibit advantageous photo-

electric performances by introducing SiC layer and
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modulating oxygen vacancy, such as the increase in recti-

fying ratio and the enhancement of photoresponse property.

2 Experimental

The p-Si/n-Ga2O3 and p-Si/i-SiC/n-Ga2O3 heterojunction

photodetectors were fabricated using L-MBE technique.

The laser ablation with a fluence of 5 J/cm2 was carried out

with a repetition rate of 1 Hz by using a KrF excimer laser

with a wavelength of 248 nm. The distance between target

and substrate was 5 cm, and the substrate was rotated

during deposition to improve the film uniformity. Two

targets of pure Ga2O3 and pure SiC were employed to

deposit Ga2O3 and i layer SiC thin films, respectively. The

base pressure in chamber was 1 9 10-6 Pa. The substrate

temperature was kept at 750 �C. For p-Si/i-SiC/n-Ga2O3

deposition in vacuum (p–i–n D in V), SiC film was

deposited for 4000 pulse before the Ga2O3 film was

deposited for 7000 pulse upon vacuum conditions, then

annealing for 1 h under 1 Pa oxygen pressure. For p-Si/i-

SiC/n-Ga2O3 deposition in O2 (p–i–n D in O2), SiC film

was deposited for 4000 pulse upon vacuum conditions, and

then, the Ga2O3 film was deposited for 7000 pulse under

1 9 10-3 Pa oxygen pressure, followed annealing for 1 h

under 1 Pa oxygen pressure. And in order to avoid SiC

layer oxidized, Ga2O3 film deposited 5 min upon vacuum

conditions before under 1 9 10-3 Pa oxygen pressure. The

thickness of the SiC films and Ga2O3 films were estimated

by scanning electron microscope (SEM) to be about 70 and

400 nm, respectively. The crystal structure was measured

by a Bruker D8 Advance X-ray diffractometer (XRD). The

surface of thin film was checked in situ by means of

reflection high-energy electron diffraction (RHEED). The

oxygen vacancies of as-grown and post-annealing samples

were investigated by X-ray photoelectron spectroscopy

(XPS). Au/Ti (100 nm) and Au (100 nm) electrodes (ra-

dius = 1 mm) were successively sputtered as cathode for

n-Ga2O3 thin film and anode p-type silicon substrate, a

good ohmic contacts were achieved in both electrodes for

all the detectors. The I–V curves and time-dependent

photoresponse of the photodetectors were measured by

Keithley 2450. A 6 W lamp was employed to provide the

254 nm UV for the photocurrent measurement.

3 Result and discussion

Figure 1 shows the XRD patterns of three samples. The

peaks located at around 18.94�, 38.42� and 59.08� are

observed, corresponding to b-Ga2O3 ð201Þ, ð402Þ and

ð603Þ orientations. The result indicates that the b-Ga2O3 is

deposited with single orientation along the ð201Þ direction.

No characteristic peak of SiC was observed, which reveals

that the SiC thin film is amorphous. The inset image shows

the RHEED pattern of p-Si/i-SiC/n-Ga2O3 deposition in

O2. Conspicuous streak patterns imply that the Ga2O3 film

has a good crystallized structure with smooth surface. The

intensity of the diffraction peaks of p-Si/i-SiC/n-Ga2O3

deposition in O2 is higher to p-Si/i-SiC/n-Ga2O3 deposition

in vacuum. It means that defect of the b-Ga2O3 thin film

was reduced by decreasing oxygen pressure. However,

oxygen pressure has not influenced the lattice parameters

of films, for no shift of the b-Ga2O3 diffraction peaks

position is observed in these samples. The growth condi-

tion of Ga2O3 thin film of p-Si/n-Ga2O3 is same with that

of p-Si/i-SiC/n-Ga2O3 deposition in O2, and the p-Si/n-

Ga2O3 photodetector was studied in our group in detail [7].

So, we mainly focused on the investigation of the samples

with SiC layer in this study.

Figure 2 shows the O1 s peak of p-Si/i-SiC/n-Ga2O3

deposition in vacuum and p-Si/i-SiC/n-Ga2O3 deposition in

O2, which can be divided into two components (I and II).

The II peak that is usually associated with oxygen vacancy

Fig. 1 XRD pattern of the b-Ga2O3 thin films and Si substrate. Inset

shows RHEED image of p-Si/i-SiC/n-Ga2O3 deposition in O2

Fig. 2 Normalized O 1 s XPS spectra of p-Si/i-SiC/n-Ga2O3 hetero-

junction photodetectors
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[6] is highly suppressed with higher oxygen pressure dur-

ing film deposition, indicating that the oxygen vacancy

concentration decreased. Thus, it is reasonable to infer that

oxygen vacancy concentration in the b-Ga2O3 thin films

can be tuned by using different oxygen pressure.

Figure 3b shows the I–V characteristics of p-Si/i-SiC/n-

Ga2O3 deposition in vacuum and p-Si/i-SiC/n-Ga2O3

deposition in O2 under dark condition, in which the I–V

curve of p-Si/n-Ga2O3 structure is also presented for

comparison. The schematic drawing of fabricated proto-

type heterojunction UV photodetector is shown in Fig. 3a.

The ohmic contact of Au/Ti/n-Ga2O3/SiC on a sapphire

substrate and Au/Ti/SiC has been confirmed by the linear

I–V curve under the same conditions (inset in Fig. 3b). The

resistance of SiC is greater than that of Ga2O3. So, SiC

layer plays the role of an appropriate electron-blocking

layer in this work. A reverse rectifying behavior is

observed in the conventional p-Si/n-Ga2O3 photodetector

[7]. However, I–V characteristics of p-Si/i-SiC/n-Ga2O3

deposition in vacuum and p-Si/i-SiC/n-Ga2O3 deposition in

O2 exhibit forward rectifying behavior by inserting i-SiC

layer. Meanwhile, compared with the p-Si/n-Ga2O3 pho-

todetector, the dark current of p–i–n structure (p-Si/i-SiC/

n-Ga2O3 deposition in O2) is effectively reduced by three

orders of magnitude owing to the insertion of i-SiC layer.

Additionally, p-Si/i-SiC/n-Ga2O3 deposition in O2 shows a

lower dark current than that of p-Si/i-SiC/n-Ga2O3 depo-

sition in vacuum due to oxygen vacancy decrease.

In order to further check the solar blind UV responsivity

of the photodetector, we measure the I–V curves of p-Si/i-

SiC/n-Ga2O3 deposition in vacuum and p-Si/i-SiC/n-Ga2O3

deposition in O2 in dark and under the 254 nm light illu-

mination, respectively. The power density of 254 nm light

is 12 lW/cm2. Figure 4a shows the I–V curves of pho-

todetectors with log-linear scale. Compared with

corresponding dark currents, the photocurrents of p-Si/i-

SiC/n-Ga2O3 deposition in O2 and p-Si/i-SiC/n-Ga2O3

deposition in vacuum increase from 3.2 9 10-8 A and

2.2 9 10-6 A to 1.9 9 10-4 A and 7.4 9 10-4 A under

the 254 nm light illumination at -4.5 V. The photosensi-

tivity is defined as (Ilight–Idark)/Idark as a percentage (Ilight is

the current of the detector when illuminated with a light,

and Idark is the dark current). Under the 254 nm light

illumination with a bias voltage of -4.5 V, the photosen-

sitivity of the p-Si/i-SiC/n-Ga2O3 deposition in O2 is found

to be 5.4 9 105%, which is much higher than that of p-Si/i-

SiC/n-Ga2O3 deposition in vacuum (3.4 9 104%).

In Fig. 4b, the log–log scale plot of the injection cur-

rents for p-Si/i-SiC/n-Ga2O3 deposition in vacuum and p-

Si/i-SiC/n-Ga2O3 deposition in O2 shows three different

regions depending on the range of the junction voltage. In a

very low voltage for V\-0.28 V (region I), the detectors

show high resistance and a linear dependence of the current

on the voltage (I–V) is observed, indicating that the

transport mechanism obeys ohmic law. In region II,

-0.28 V\V\-1 V, the currents increased exponen-

tially following a relation I * exp(aV), which is usually

observed in the wide band gap (p–n) detector due to a

recombination tunneling mechanism [10]. By fitting the

experimental data, the constant a of p-Si/i-SiC/n-Ga2O3

deposition in vacuum and p-Si/i-SiC/n-Ga2O3 deposition in

O2 has been evaluated to be 0.6 and 0.57 V-1 (falling in

the range of 0.45–1.45 V-1 for the semiconductor junc-

tions), which explains the high carrier (electrons) injection.

However, beyond -1 V, the current across the junction is

dominated by the holes injection because the concentration

and mobility of the holes in Si are higher than those of

electrons in Ga2O3.

Before explaining the transport mechanism, it is neces-

sary to understand the energy band diagram of the junction.

Fig. 3 a Schematic diagram of p-Si/i-SiC/n-Ga2O3 heterojunction

photodetector; b I–V curves of p-Si/i-SiC/n-Ga2O3 heterojunctions

photodetectors in dark that of conventional p-Si/n-Ga2O3 heterojunc-

tion detector is also presented for comparison. The insets,

respectively, show I–V characteristics of the n-Ga2O3/SiC hetero-

junction (top left) and the SiC layer (bottom right) prepared on a

sapphire substrate under vacuum condition
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Figure 5a shows the band diagram of the p-Si/i-SiC/n-

Ga2O3 photodetector. The electron affinity of vGa2O3, vSiC
and vp-Si was 4.0, 3.45 and 4.05 eV, respectively. The band

gap of Ga2O3, SiC and p-Si was 4.9, 3.2, and 1.12 eV.

According to the Anderson model, the conduction band

offset of Ga2O3/SiC was DEc = 0.55 eV, and the valence

band offset of SiC/p-Si was DEv = 1.48 eV.

Without the insulated layer, electrons will drift from p-

Si to Ga2O3, while holes drift from Ga2O3 to p-Si under

reverse bias. In contrast, most of the electrons and holes in

depletion receive high energy from the strong electric filed

in barrier region and collide with lattice atoms of barrier

region. The electrons of valence are collided, creating

conduction electron and valence hole. Thus, avalanche

effect appeared in the depletion layer and produces a large

number of carriers. It leads to the enhancement of reverse

current [7].

The situations are different with the presence of the SiC

appropriate electron-blocking layer. Under the reverse bias,

most of the voltage will be applied on the SiC layer due to

its dielectric nature. Thus, the bands of SiC will be bended,

and the effective barrier in the vicinity of valence band is

greatly increased. Consequently, electrons in the p-Si layer

can cross the barrier and enter into the Ga2O3 layer, while

holes will be confined in the Ga2O3 layer by large valence

band offset between Ga2O3 and SiC due to the SiC

dielectric layer (Fig. 5d). Under the positive voltage, the

band offsets of Ga2O3/SiC was 0.55 eV, and the electrons

in n-Ga2O3 were considerably larger than that of the p-Si,

the plenty of electrons in the Ga2O3 layer absorbing energy

though the SiC barrier enter into p-Si layer (Fig. 5e).

Ultimately, the current under the positive bias is greater

than the one under the reverse bias.

When the detector at a reverse bias is illuminated by

254 nm light, the light is absorbed in the depletion region

near i-SiC/n-Ga2O3 interface; the photo-generated carriers

are extracted to the outer circuit. The photo-generated

holes cross the barrier into the p-Si. On the other hand, our

Ga2O3 film is highly transparent above 250 nm, meaning

that electrons–hole pairs are produced in the p-Si layer

when it absorbs UV photons. The photo-generated elec-

tronics cross the barrier into the Ga2O3 layer. Therefore,

the photocurrents greatly increase (Fig. 5f). Under the

positive voltage, the photo-generated electronics cross the

barrier into the p-Si layer. Therefore, parts of light cross the

Fig. 4 a Responsivity of p-Si/i-

SiC/n-Ga2O3 heterojunction

photodetectors at different bias

in dark and under the 254 nm

light illumination. b Log–log

plots of the injection current

versus voltage in negative bias

Fig. 5 Energy band diagrams for detectors based on p-Si/i-SiC/n-

Ga2O3 heterojunction a no biased and biased in the b, d, f forward and
c, e, g reverse directions at 4.5 V
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Ga2O3 layer into the p-Si, electronics and holes produced

in the p-Si. These photo-generated electronics cross the SiC

barrier into the Ga2O3 (Fig. 5g).

4 Conclusion

The p-Si/i-SiC/n-Ga2O3 heterojunction-based photodetec-

tors were fabricated by inserting SiC appropriate electron-

blocking layer between Ga2O3 film and p-Si substrate. The

oxygen vacancies were reduced by changing the annealing

process. After introduction of SiC layer and reduction in

oxygen vacancies, the performance of the photodetector

was obviously improved. The experimental results reported

here demonstrated a potential application of p-Si/i-SiC/n-

Ga2O3 heterojunction in photoelectronic devices. And the

process described here might be also helpful for design and

fabrication photoelectronic devices based on Ga2O3.
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