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We report a high-responsivity ultraviolet photodetector fabricated from fluorine doped Mg0.4Zn0.6O thin film
grown by molecular beam expitaxy. The doped epitaxial film demonstrates a low resistivity with a carrier con-
centration of 2.18 × 1017 cm−3 andmobility of 2.67 cm2/V s−1 by Van der PauwHall measurements. With a fur-
ther study of a single Ti/Au-MgZnO:F Schottky junction, it is found the device has a lowered barrier height of
0.59–0.64 eV compared with the calculated value. Our photodetector configured with a metal-semiconductor-
metal structure with Ti/Au interdigital electrodes exhibits a high photoresonsivity of 80 A/W, nearly 800 times
larger than that of undoped sample. This record-high value is attributed to the lowered Schottky barrier as
well as reduced barrier thickness thanks to the effective fluorine doping.

© 2017 Published by Elsevier B.V.
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1. Introduction

ZnO and MgZnO alloys have attracted much attention for the past
two decades due to their multifunctional applications [1–5]. Because
of their unique optical properties such as large exciton binding energy
of 60 meV at room temperature, high optical gain, [6] and good radia-
tion hardness [7], they are ideal semiconductors for high-performance
photonic devices which are able to work under extreme environments.
The tunable band gap of MgxZn1 − xO alloy (from 3.4 eV up to 7.8 eV)
further enables the manipulation of working wavelengths in a broad
range in the electromagnetic spectrum, for instance, multi-wave band
ultraviolet (UV) photodetectors (PDs) [8,9]. Due to the strong ionic
bonding between Mg and O atoms, the high resistance of MgxZn1 − xO
particularly with high Mg content hampers the practical applications
of such devices, especially in modern high-speed circuits. One of the
most straightforward and effective approaches to reducing its resistance
is doping. Generally, n-type doping of MgxZn1 − xO is achieved by
substituting cations of Mg2+ or Zn2+ atoms with group-III ions, such
as B3+, Al3+, Ga3+, and In3+ [10–13]. However, it is found the ioniza-
tion efficiencyof such dopants is becoming less impressivewith increas-
ing Mg content (or band gap), highly likely due to the less changeable
doping level depthwith respect to the significantly elevated conduction
band minimum dominated by Mg′s 3s electrons.
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Based on the breakthroughs in synthesis of high-quality MgxZn1 − xO
epitaxial films with high Mg contents, our group solved the doping
problem by alternatively substituting O2– with fluorine anions, F− [14].
The resistance was effectively reduced to ~102 Ω·cm compared with
~106Ω·cm of the undoped films with theMg content up to 51%. Howev-
er, the influences of doping on the performance of UV PDs have not been
well studied till now. In this work, we present a systematic study of a
metal-semiconductor-metal (MSM) UV PD fabricated from an effectively
F-doped Mg0.4Zn0.6O epitaxial film grown by radio-frequency plasma-
assisted molecular beam expitaxy (rf-MBE). The device exhibits a huge
photo-responsivity of ~80 A/W at a 2 V external bias, without damaging
the transient response properties. Our results unambiguously reveal
that the performance of the UV PD can be massively enhanced by F
doping.

2. Experiments

Our MgZnO:F thin film was grown on a c-plane sapphire substrate
by rf-MBE equipped with an in situ reflection high-energy electron dif-
fraction (RHEED) to monitor the growth situations. Before loading to
the growth chamber, the substrate underwent a standard chemical
cleaning by using boiling acetone and ethanol. Then 750 °C thermal
cleaning and reactive oxygen radical treatment were performed before
growth, after which bright diffraction patterns of the sapphire substrate
were observed through RHEED (Fig. 1a). Following that an ultrathin
MgO layer (b1 nm) was deposited at 500 °C as a template for the
growth of wurtzite MgZnO [15]. Subsequently, a thin MgZnO layer
with a relatively low Mg content was grown as “quasi-homo” buffer,
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Fig. 1. RHEED observations of the sapphire substrate after oxygen treatment (a) and the
grown Mg0.4Zn0.6O:F film (b). (c) Schematic structure of the epitaxial film. (d) XRD θ–2θ
scan of Mg0.4Zn0.6O:F film.

Fig. 2. PL (green curve) and transmittance (blue curve) spectra of Mg0.4Zn0.6O:F sample;
the black and red curves shows the PL and transmittance of an undoped counterpart.
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on which theMg0.4Zn0.6O:F was eventually grown at 450 °C. During the
growth, high-purity ZnF2 was used as the doping source evaporated
from a Knudsen-cell at 390 °C while keeping the II/VI ratio of 9/5. At
this temperature, the doping concentration is estimated to be 2.48
× 1017/cm3 by comparing with the pressure of ZnF2 with the known
value at 420 °C from our experiences [14]. The oxygen plasma flow
rate and RF power were set at 2.6 standard cubic centimeters per min-
ute (sccm) and 340 W, respectively.

Fig. 1b shows the RHEED patterns of the Mg0.4Zn0.6O:F expitaxial
layer, obtained from its〈10−10〉 and〈11−20〉 planes, respective-
ly. The bright stripy features of the RHEED patterns indicate a high crys-
tallinity and an atomically flat surface. X-ray diffraction (XRD) was
carried out using Cu-Kα radiation (M18AHF) in a θ–2θ scanning mode
to further characterize the structural properties of the F-doped epilayer.
As shown in Fig. 1d, the peak situated at 34.74° is the signature of the
diffraction from (0002) planes of MgZnO whilst the one at 41.7° is
assigned to sapphire substrate. The Mg content is estimated to be
40%. The single XRD diffraction peak from epilayer indicates our
Mg0.4Zn0.6O:F epitaxial film is a single crystal with wurtzite structure,
which was further verified by XRD ϕ-scan curve from (101) planes
showing a six-fold symmetry, consistent with the RHEED observations.
3. Results and discussion

Optical properties of our Mg0.4Zn0.6O:F sample were performed by
transmittance and photoluminescence (PL) characterizations. The
room temperature transmittance spectrum is shown in the blue curve
in Fig. 2, where two absorption edges locate at 290 nm (4.28 eV) and
343 nm (3.62 eV), corresponding to the near band edge absorption of
Mg0.4Zn0.6O:F epilayer and theMgZnO “quasi-homo” buffer, respective-
ly. PL was characterized by using UV light with a wavelength at 250 nm
from synchrotron radiation as excitation source, as shown in the green
curve in Fig. 2. Two emission peaks situated at 294 and 350 nm are de-
tected, consistent with the transmittance measurement results. Full
width at half maximum of PL spectra of Mg0.4Zn0.6O:F exhibits
13.7 nm compared with 10.1 nm of the undoped sample (black
curve). The slight broadening of the near band edge emission is owing
to the extended band tail states generated by doping. Overall, no strong
degradation of optical property is observed by F doping.

The electrical property of ourMg0.4Zn0.6O:F filmwas initially charac-
terized by Van der PauwHall measurement at room temperature. Carri-
er concentration and mobility are determined to be 2.18 × 1017/cm3,
increased by N3 orders of magnitude compared with that of the
undoped thin films (~1014 cm−3). Considering the doping concentra-
tion, the activation efficiency of the dopants is 88%, suggesting F work-
ing as a shallow dopant in MgZnO [14]. Meanwhile, the mobility
decreased from 4.63 to 2.62 cm2/V·s due to F doping. In order to have
a further insight into the electrical properties, we fabricated a pair of
In-Ti/Au electrodes on our sample. The inset of Fig. 3a shows the In–In
is a pair of good ohmic contacts, corroborated by the linear shaped cur-
rent-voltage (I–V) curve. In contrast, the I–V scan of In-Ti/Au electrodes
exhibits a clear rectification behaviour (Fig. 3a), indicating Schottky bar-
rier forms at the Ti/Mg0.4Zn0.6O:F interface.

The typical I–V characteristics of Schottky barrier can be mathemat-
ically depicted by,

I ¼ Is exp qVb=nkTð Þ−1½ � ð1Þ

where Is = 1.335 × 10−7 A is the reversed saturation current, Vb the ap-
plied bias and n the ideality factor. Among these parameters, the re-
versed saturation current is given by,

Is ¼ A�T2S exp −qϕms=kTð Þ ð2Þ

where A* is Richardson constant, which is estimated to be 32–
48 A·cm−2·K−2 from that of ZnO and MgO [16,17]; S the contact
area; ϕms the barrier height of Schottky contact. From Eqs. (1) and (2),
we obtained n=6.58 andϕms=0.59–0.64 eV, respectively. The ideality
factor deviating from 1 implies the carrier transportation mechanism is
dominated by not only thermionic emission but also field emission. For
the undoped sample, the barrier height estimated to be 0.74–0.97 eV,
corresponding well with the one concluded from Schottky-Mott rela-
tion, ϕms = ϕm − χ = 0.85 eV (Fig. 3b), if the conduction band mini-
mum and valence band maximum change according to the ratio of
ΔEc:ΔEv = 9:1 by incorporation of Mg into ZnO [18]. The Schottky bar-
rier height of our device is reduced by 0.21–0.26 eV compared with the
ideal value. Furthermore, the Schottky barrier thickness (Wd) is
depicted by,

Wd ¼ 2εs=qN φbi−V−kT=qð Þ½ �1=2 ð3Þ



Fig. 3. (a) The I–V characteristics of In-Mg0.4Zn0.6O:F-Ti/Au Schottky diode and a reference
device fabricated fromundoped film; inset is the I–V curve of In-In contacts. (b) Schematic
energy-band diagram of the Schottky barrier drawn according to Schottky-Mott
relationship.
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where εs, N andφbi are the dielectric constant, carrier concentration and
built-in potential, respectively. With F doping, φbi decreases with the
barrier height. Therefore, the barrier thickness reduces by N30 times
with the carrier concentration increase by 3 orders of magnitude. Such
a lowered barrier height along with a reduced thickness will enhance
the photo-generated electrons transport from MgZnO to the electrode.

Our PDs were designed with interdigital MSM configuration, with
the fingers 5 μm in width and 300 μm in length spaced by 5 μm gaps
(inset of Fig. 4a). Ti/Au (10/50 nm) electrodes were deposited by ther-
mal evaporation with background pressure of 5 × 10−4 Pa at a rate of
0.1 nm/s. For the sake of a direct comparison, we fabricated a reference
sample with the identical structure from the undoped counterpart. Cur-
rent-voltage (I\\V) measurements were carried out by a Keithley 6487
picoammeter. As shown in Fig. 4b, the I–V curves of our PDs showhighly
symmetric rectifying behaviors, indicating a well-defined pair of back-
to-back Schottky contacts. The saturation current of the undoped
sample is ~10−9 A due to the huge resistance of intrinsic MgZnO film.
In comparison, the saturation current of the doped sample increases
to 5 × 10−8 A due to the reduced resistance as a result of F doping. On
the other hand, a clear knee voltage at ~0.7 V (labeled by a black
arrow in Fig. 4b) can be observed in the F doped sample; while it
becomes obscure in the undoped sample, which shows a gradually
increasing in the current. This is due to the rapidly expanding depletion
region with the applied voltage resulting from the low carrier concen-
tration in the undoped sample [19].

Spectral photoresponsemeasurementswere performedwith a 75W
Xe lamp combined with a monochromator with a focal length of 0.5 m
as the excitation source, whilst the photocurrent at 2 V was recorded
with a Keithley 2400 sourcemeter. As shown in Fig. 4c, both of the sam-
ples demonstrate a peak response at ~295 nm, consistent with the
transmittance and PL results. The reference sample exhibits a
responsivity ~0.1 A/W with a sharp cutoff situating at the band edge.
In contrast, a very inclined response edge from 300 to 400 nm is identi-
fied from the spectral photoresponse of F doped sample, which is attrib-
uted to the band tail introduced by incorporation of F atoms [20]. In
spite of this, the photo-responsivity (R) of the F-doped sample is as
high as 80 A/W, 8 × 102 times larger than that of the undoped sample.
The detectivity (D⁎) of our device is determined to be D* = (AΔf)1/2 /
NEP = 3.5 × 108 Hz1/2/W, where the noise equivalent power is NEP =
(4kBT / Rdark + 2qIdark)1/2Δf 1/2/B (Rdark, Idark and B are the differential
resistance, dark current and bandwidth, respectively). Compared with
our previous work on the photodetector fabricated from
Mg0.51Zn0.49O:F [14], the detectivity decreased by an order of magni-
tude potentially due to the slow response.

The high photo-responsivity corresponds to a large external quan-
tum efficiency (EQE) of 3.36 × 104%, obtained from EQE = 1240R/λ
× 100%, suggesting a large photocurrent gain (G), which is potentially
attributed to a combined effect of lowered Schottky barrier thickness/
height (Gsb) and photoconductive gain (Gph) due to F doping,

G ¼ Gsb þ Gph ð4Þ

The photoconductive gain is in proportional to the mobility and
photocarrier lifetime (Gph ∝ μτ). Generally speaking, μ decreases with
doping concentration as a result of enhanced electronic scattering, e.g.
the mobility decreased from 4.63 for the undoped sample to
2.62 cm2/V·s for the F doped sample. At the same time, it is observed
τ increased by only ~2 by doping from the transient photocurrent mea-
surement shown in the later section. In consequence, the contribution
of Gph to the whole photocurrent gain (G) is insignificant. On the
other hand, Schottky barrier thickness decreases 30 times and height
lowers by 0.21–0.26 eV as aforementioned reasons, which greatly en-
hances photogenerated carriers transporting through the barrier, lead-
ing to the huge response and the internal photocurrent gain.

Transient photoresponse measurement was carried out by illumi-
nating the PD with a periodic (115 s) UV light with a wavelength at
254 nm as shown in Fig. 4d. The photocurrent drastically decreases at
the time the UV light switches off. In order to study the details of the
transient response, the photocurrent decay is fitted into a biexponential
equation,

I tð Þ ¼ I1 exp −t=τ1ð Þ þ I2 exp −t=τ2ð Þ ð5Þ

where τ1 and τ2 are the fast and slow decay components, respectively.
The former is related with the carriers directly recombining after light
off, whilst the latter known as persistent photocurrent (PPC) is a slow
recombination process normallymediated by defects, c.f. oxygen vacan-
cies in ZnO basedmaterials [21].Such slow response widely observed in
wide band gap semiconductors based PDs hinders the devices from
practical applications. In this work, the undoped sample shows a fast
and slow decay time of 0.34 and 10 s (Fig. 4d), respectively.With F dop-
ing, the decay times increased to 0.61 and 12 s, respectively, indicating F
doping will not introduce unexpected deep level defects causing a
strong PPC problem.

4. Conclusion

In summary, effectively F-doped MgZnO film with a Mg content up
to 40% has been readily achieved, with the carrier concentration and
mobility of 2.17 × 1017 cm−3 and 2.67 cm2/V s−1, respectively. From
the PL and transmittance measurements, no obvious deterioration of
optical properties is introduced by F doping. Our PD designed with a
metal-semiconductor-metal structure shows a huge responsivity of
80 A/W, ~800 times higher than that of undoped sample. The enhanced



Fig. 4. (a) Photograph of the MSM PD obtained from an optical microscope (scale bar = 100 μm). (b) I–V curves of the MSM PD fabricated from the undoped (black) and F doped (red)
sample. (c) The photoresponsivity of the PDs fabricated from the undoped (black) and F doped (red) sample. (d) Transient response of the PDs fabricated from the undoped (black) and F
doped (red) sample.
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responsivity is ascribed to the lowered barrier height of 0.59–0.64 eV as
well as the reduced barrier thickness by 30 times due to F doping. From
the transient response measurements, it is concluded F doping will not
introduce deep level defects generating PPC problem.
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