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Abstract: A larger ratio of conduction-band offset to valence-band offset is
the unique character for Mg,Zn;_,O alloys. For this reason, it is feasible to
build a quasi-electric forces, caused by the spatial gradient of the
conduction edge, exerting on the electrons. In this paper, a novel graded
band gap cubic-MgZnO-based solar-blind photodetector is successfully
fabricated from Graded-Band-Gap-Cubic-MgZnO/i-MgO/p-Si
heterojunction, via changing stoichiometry spatial gradient. Due to quasi-
electric fields in non-uniform MgZnO, the multiple carriers are generated
under ultra-low threshold bias voltage. The photodetector showed high
performance, namely, high responsivity, quantum efficiency, high
sensitivity and selectivity towards the solar-blind spectrum, and fast
response times.
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1. Introduction

As a member of group II™”-VI wide-band-gap semiconductors, Mg,Zn, O alloys are
generating considerable interest as they can provide, in principle, an accessible band-gap
range from around 3.37 eV (ZnO) to 7.8 eV (MgO) [1,2]. This makes them promising
candidates for deep ultraviolet (DUV) optoelectronic devices [3—-6]. Random lasers, light-
emitting diodes based on MgZnO alloys have been successfully demonstrated [7-9]. In the
past decade, a large number of experiments have been conducted, focusing on solar-blind
photodetection using MgZnO films, because of various important applications in missile
tracking, flame detection, ozone layer monitoring, and so on [10—14]. To date, however, most
of the solar-blind photodetectors based on MgZnO have low-performance, especially in
responsivity, which is one of the important figures of merit for DUV detectors to be
commercially applied [15]. Consequently, a controllable and high gain mechanism is
required.

Graded-band-gap is an energy band gap that varies with position, produced by spatially
varying the stoichiometry of a semiconductor, which was first proposed by Kroemer [16]. The
quasi-electric forces, caused by the spatial gradient of the conduction and valence band edge,
are exerted on the electrons and holes, respectively. Then, some excellent optical detectors
and other devices based on graded-band-gap semiconductors had been obtained [17-21]. For
Mg,Zn,_,O alloys, due to the wide tunable bandgap and a larger ratio of conduction-band
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offset to valence-band offset (AE-/AEy) [22,23], it is very suitable for photon detection by
using graded-band-gap technique. Further, the cubic-MgZnO is of octahedral coordination in
the cubic rocksalt (RS) structure. Due to the larger bond length of Mg-O compared to Zn-O in
this ionic system, the valence band maximum (VBM) of RS-ZnO is slightly lower than RS-
MgO [24-26], which makes quasi-electric forces for electrons in graded-band-gap become
much more marked than for holes. However, graded-band-gap-cubic-MgZnO (GBGC-
MgZnO) based devices (in particular, DUV photodetectors) have rarely been studied.

Motivated by the above reasons, in this work, via constructing heterojunctions based on
GBGC-MgZnO/i-MgO/p-Si, we demonstrated a solar-blind photodetector with enhanced and
tunable gain under ultra-low threshold bias voltage. The photodetector showed sensitive
spectral response, high quantum efficiency, and fast response time. The gain mechanism of
the device was discussed in detail.

2. Experiment

The GBGC-MgZnO film was grown on a p-type Si (111) (resistivity 18 ohmecm and carrier
concentration ~10"¥cm™) substrate with a MgO buffer layer about 30 nm by metal-organic
chemical vapor deposition (MOCVD). Polished p-type silicon substrates were cleaned by
RCA method. Oxygen (O,), Diethylzinc (DEZn), and Dimethyl dicyclopentadienyl
magnesium (MeCp,Mg) were employed as the precursors. Nitrogen with 6N-purity was used
as the carrier gas. The GBGC-MgZnO was grown at 450 °C with keeping the chamber
pressure at 150 Torr. A reference GBGC-MgZnO film grown on a c-plane sapphire substrate
with the same growth conditions was used to examine optical bandgap and Ohmic contact of
metal electrodes on the film. The flux ratio for [MeCp,Mg] and [DEZn] was monotonically
decreasing, during the growth process. The structure characterization of the film was
evaluated by an x-ray diffraction (XRD) with Cu-K, 0.154 nm line as the radiation source.
The morphology of the GBGC-MgZnO film (top view) was examined with a scanning
electron microscope (SEM) (HITACHI S-4800).

A circular Indium film (~400 nm) and a gold film (~80 nm) were deposited on the
backside of the p-Si substrate and GBGC-MgZnO as the electrodes, respectively, by thermal
evaporation method. Hall measurement system (Lakeshore HMS7707) was utilized for
current-voltage (I-V) characterization of the photodetector. The spectral response of the solar-
blind photodetector was measured using a 150 W Xe lamp, a monochromator, an optical
chopper (EG&G 192), and a lock-in amplifier (EG&G 124A) in a synchronous detection
scheme. A UV-enhanced Si detector was employed to calibrate the system. The time resolved
response of the photodetector was obtained using an oscilloscope (500 MHz) and a YAG:Nd
laser with a wavelength of 266 nm (50 mJ) and a pulse width of 10 ns.

3. Results and discussion

The X-ray diffraction (XRD) pattern in Fig. 1(a) shows only one peak corresponding to (111)
diffraction of cubic MgZnO besides the diffraction from silicon substrate. It reveals that the
graded-band-gap film is single cubic structure without other phase (e.x. wurtzite). As seen
from the scanning electron microscope (SEM) image in Fig. 1(b), the GBGC-MgZnO film
shows clear cubic feature with (111) orientation, which is in accordance with the XRD
pattern. The epitaxial film is about 280 nm thick, as measured by the cross section view SEM
image in Fig. 1(c). It provides a basis for realizing a larger quasi-electric forces acting on the
electrons. A line-scan profile of energy dispersive X-ray spectra (EDX), which is along the
growth direction of the film, is illustrated in Fig. 1(d). As seen, the Mg fraction ([Mg])
decreases along the growth direction, while the [Zn] increases and [O] keeps constant. It
indicates that the graded-band-gap film has indeed been achieved.
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Fig. 1. (a) XRD pattern of the heterostructure. SEM image of the GBGC-MgZnO film (b) top
view and (c) side view. (d) Line-scan profile across the growth direction of the film.

By evaporating the electrodes on both the sides, DUV photodetectors were achieved, as
sketched in Fig. 2(a). The heterojunctions show significant rectification characteristics under
dark conditions, with an open voltage of about 2 V, as shown in Fig. 2(b). Before breakdown
at ~10V, the reverse current-voltage characteristics and the saturation current (I0) show a
slowly increasing trend. It suggests that there is multiplication mechanism present (see below
for further discussion). No doubt the resulting gain is beneficial to photon detection. The inset
of Fig. 2(c) shows the dark current (I4,«) and photocurrent (I,h0) dependences on the reverse
bias. A large ratio of I/ laak can be observed. In general, the multiplication gain is
calculated from the unity gain response by the express G(V) = [Lphoto(V) = Ldar( V)]/ [Tphoto( Vs =
1) - Liar(Vg = 1)], where G is the gain at a certain reverse bias V [27]. The device, as shown
in Fig. 2(c), exhibits a nonlinear increasing gain versus bias. The maximum gain exceeds 10,
which is larger than that observed for homogencous MgZnO solar-blind photodetector
[11,28].

The photoresponse spectra of the GBGC-MgZnO devices were measured. Figure 3(a)
illustrates the spectral response measured at a 1.0-V bias at room-temperature. The
photodetectors show a high sensitivity to solar-blind light with a typical cutoff wavelength of
about 280 nm, which corresponds to the optical transmission spectrum measured on the
reference GBGC-MgZnO film grown on a c-plane sapphire substrate. It is shown that the
(Reponsivity @ 240nm)/(Responsivity @ 600nm) is about two orders of magnitude,
demonstrating the good DUV performance of the photodetector. The photoresponse spectra at
various reverse biases are shown in Fig. 3(b). The responsivity increases significantly with
increasing the reverse bias. As seen in the inset of Fig. 3(b), the peak responsivity, at 240 nm,
shows a nonlinear rising with increasing the bias. The quantum efficiency is up to ~600% at a
6V bias.
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Fig. 2. (a) The schematic of the detector for measuring photoresponse. (b) I-V curve of the
detector under dark condition at room temperature. The reverse current-voltage is magnified in
the inset. (¢) Gain extracted from the photocurrent measurements. The inset is reverse -V
characteristics of the detector in dark and under 254 nm light illumination.
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Fig. 3. (a) Transmission data (blue circle) from reference GBGC-MgZnO film grown on a c-
plane sapphire. The spectral response (violet triangle) of the detector under 1 V. (b)
Responsivity of the photodetector for different reverse bias voltages.

Figure 4(a) shows a series of impulse responses of the photodetector with a load resistance
of 50 ohm. The device shows a fast photoresponse. The decay time of the detector versus
reverse bias is plotted in Fig. 4(b). As the bias is beyond 4 V, the decay time stays almost
constant, due to carriers reaching their saturation velocity as well as to the intrinsic time
delays associated with multiplication process.
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Fig. 4. Time-resolved photocurrent measurements. (a) Photocurrent transients measured on the
photodetector at different biases. (b) Decay time for different bias voltages.

Figure 5 shows the band diagrams derived from the Anderson model to further analyze the
gain mechanisms of the GBGC-MgZnO based photodetector. According to the band gap of
1.12, 7.8 eV and electron affinity (y) of 4.05, 0.8 eV for Si and MgO, respectively, the
conduction band offset at the Si/MgO interface is calculated to be 3.2 eV [29-31]. Under
thermal equilibrium [Fig. 5(a)], as a result of carrier diffusion, the depletion regions will be
formed in both Si and GBGC-MgZnO sides. The Fermi level becomes constant across the
entire region of the heterostructure. By varying [Mg] and [Zn], a considerable spatial gradient
of the conduction band edge was formed in GBGC-MgZnO side due to the larger ratio of
AEJ/AEy. Tt can supply a quasi-electric force exerting on the electrons. As depicted in the
schematic in Fig. 5(b), when the photodetector is under illumination, the photogenerated
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carriers will be driven by the built-in electric field. However, due to the high barrier (3.2 eV),
the visible-light generated electrons from p-Si side cannot cross over the (p-Si)/(i-MgO)
interface, and then recombine with holes immediately. Therefore, the visible-light response
from Si substrate was suppressed [32]. On the other side, thanks to the large quasi-electric
forces, photogenerated electron-hole in the GBGC-MgZnO layer will be efficiently separated.
And then the holes transmit through the i-MgO layer because of the relatively low barrier.
Meanwhile, the electrons are multiplied through impact ionization with the reverse bias
increasing, because of the larger electric field. Indeed, as opposed to the conventional p—i—n
diodes, the use of graded-band-gap produces high electric fields by using an extremely large
content spatial gradient. The electric field strength in the GBGC-MgZnO layer is proximity
~10° V/em, suggesting a high probability of impact ionization.

P-Si MgO MgZn, O

Eg 1.12 eV 7.8 eV 7.8 eV —4.4 eV

UvVC

Fig. 5. Schematic diagram showing the band alignment of the heterojunction (a) under
equilibrium condition (b) under illumination at reverse bias.

4. Conclusion

In summary, we have demonstrated an effective approach to improve responsivity with
enhanced and tunable gain, under ultra-low threshold bias voltage, via changing stoichiometry
spatial gradient. The photodetector showed high performance under low reverse bias voltage
(6 V), namely, high responsivity (1160 mA/W@240nm), quantum efficiency (600% @240
nm), high sensitivity and selectivity towards the solar-blind spectrum, and fast response times
(~15 ps@266nm). The Graded-Band-Gap-Cubic-MgZnO, in addition, will be more valuable
in the field of low-noise solar-blind detection for its significant band alignment different
between the conduction band and valence band.
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