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ABSTRACT

Nanostructured zinc oxide (ZnO) semiconductors have emerged as promising materials for high-performance photodetectors due to
their natural direct bandgap and extraordinary physicochemical properties. However, the oxygen vacancy defects of nano-ZnO can
easily trap oxygen molecules in air and generate charge transfer at the interface, which induced continuous photoconductance that
limited the development and application of ZnO in photodetection. Here, we demonstrate a homojunction ultrathin ZnO nanosheet
photodetector with high performance and propose a better dominant photoresponse mechanism of the ZnO nanosheet driven by the
charge transfer induced local field. The strong localized electric field significantly accelerates the separation of photo-generated car-
riers and effectively suppresses the dark current. Thus, the photodetector of the charge transfer induced homojunction exhibits ultra-
low dark current (10�12 A), ultra-high specific detectivity (up to �1014 Jones), and fast rising (300ms) and decaying times (310ms),
taking advantages of high-performance and fast response speed and subverting the limitation of traditional ZnO photodetectors in
the field of application. An easy-fabrication, fast response, and high-performance photodetector proposed here provides a good para-
digm for the next-generation photodetectors based on two-dimensional nanostructures.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5063611

Nanostructured semiconductor materials (NSMs) have
attracted extensive attention due to their excellent physico-
chemical properties and complex structural characteristics,
expecting broad application potency in many fields, such as
photodetectors, solar cells, transistors, and energy storage
and generation.1–8 With the advancement of material fabrica-
tion techniques, the NSM family is expanded to many unique
nanomaterials, such as nanowires,9–11 nanorods,12 nanorib-
bons,13 and nanosheets.14 In particular, nanostructured ZnO
semiconductors have an intrinsic bandgap of 3.4 eV with a
large specific surface area, and they are promising candidates
in the field of photodetection applications.14,28 However, the
active surface interactions with oxygen molecules and some

intrinsic defects dominate the photoresponse of ZnO nano-
structures, and the defect states tend to trap photo-
generated electrons and release them slowly, leading to the
persistent photoconductivity in ZnO-based photodetectors,
which greatly limit the practical application of ZnO in photo-
detection.15,16,18 It is known that nanostructured ZnO
photodetectors exhibit a very long recovery time of the
drain-current after light is turned off because the metal oxide
semiconductor is difficult to achieve p-type doping with the
presence of many oxygen vacancy defects.26,27 Therefore, an
easy-fabrication, fast response, and high-performance pho-
todetector is desired for next-generation photodetectors
based on nanostructured ZnO.
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In this work, an advanced homojunction ZnO nanosheet
photodetector driven by a charge-transfer induced local field is
proposed. By constructing a semi-covered structure, an elec-
tron concentration gradient is formed at the interface, thereby
forming an n-nþ homojunction. The charge transfer induced
built-in electric field can accelerate the separation of electron-
hole pairs to increase the photodetection performance with
detectivity up to �1014 Jones and the dark current down to 10�12

A, and thus, the signal-to-noise ratio (SNR) of the device is sig-
nificantly improved. Therefore, our device solves the bottleneck
problem to balance the two aspects of high performance and
fast response (�0.3 s) of ZnO photodetectors, which restricts
the application of nano-ZnO in photodetection. Overall, this
work provides an effective configuration for achieving high-
performance optoelectronic devices based on ZnO nanosheets
and also demonstrates a very effective method towards the
development of homojunction devices based on 2Dmaterials.

Figure 1(a) displays the schematic illustration of the ZnO
nanosheet photodetector. Meanwhile, the corresponding pho-
tomicrograph and SEM images are shown in Fig. S3 (supplemen-
tary material). In order to fabricate the photodetector device,
we transfer ZnO nanosheets to the Si/SiO2 substrate and pre-
pare the Ti/Au electrodes by the e-beam lithography, and then,
half of the channel was covered with the HfO2 thin film for real-
izing construction of the homogenous junction. For full fabrica-
tion and characterization details, see supplementary material.
Interestingly, an evident rectifying characteristic curve of the
Ids–Vds is observed as the channel is half-covered with the HfO2

thin-film, as shown in Fig. 1(b). Our device shows an ultra-low
dark current (3.5� 10�12 A) in the off-state, and the rectification
ratio is more than 400 at jVj ¼ 1 V, which demonstrate the for-
mation of a decent barrier contributed from the half-covered
structure. A device without HfO2 (pristine device) is also
fabricated for comparison, and the Ids–Vds curves of the pristine
device represent a relatively high (6� 10�8) dark current at Vds

¼ 1 V with good Ohmic contact. In addition, we conducted the
transfer characteristic measurement of the pristine device, and
the result exhibits a typical n-type semiconductor feature with
an effective field-effect mobility of 609cm2 V�1 s�1 (see Fig. S4,
supplementary material). To further demonstrate the rectifica-
tion characteristics of the ZnO n-nþ homojunction device, we
perform detailed simulations using Sentaurus TCAD. The simu-
lated Ids�Vds characteristics of a pristine device and a n-nþ

homojunction device using commercial simulation package of
SDEVICE are shown in Fig. 1(d), in which we can see that the sim-
ulated Ids�Vds curves and experimental results match pretty
well. The simulated electric field contour plots for the n-nþ

homojunction device using TCAD are shown in Fig. 1(e). We can
clearly see that the peak electric field is around 4.1� 104 V/cm in
the n-nþ junction region.

Figure 2(a) displays the output characteristic curves of the
half-covered ZnO photodetector at different incident power
densities. The photocurrents monotonically increase with the
light illumination, and they reach remarkably up to 1.76 lA at the
incident power density of 28.775 mW/cm2 at 450nm. Under the
same condition, a high light on-off ratio of Ilight/Idark � 103 is
obtained at the bias voltage �1 V. As shown in Fig. 2(b), the pho-
tocurrent increases with the increase in the optical power, and
its expression is as follows:

I ¼ cpk; (1)

where I is the photocurrent, P is the optical power, c is a propor-
tionality constant, and k is an empirical fitting value. Based on the
results of the curve fittings, we can obtain c¼0.21 and k¼0.64,
showing a sublinear behavior. These results depend on the com-
plex processes of electron-hole generation. Photo-generated car-
riers can come from the extrinsic transition based on trap states.
Nevertheless, the number of trap states is limited. As power inten-
sity increases, more photo-generated charge carriers are trapped,
and the photocurrent becomes saturatedwith the states full filled,
which has been reported in many 2Dmaterials.19,20,25 For practical
applications, responsivity (R) and specific detectivity (D*) are often
used to characterize the sensitivity of photodetectors, and the
responsivity (R) can be expressed as follows:

R ¼
Iph

PoptS
; (2)

where Iph is the photocurrent, Popt is the incident power density,
and S is the effective illuminated area of the device. Assuming that
shot noise from the dark current is themajor noise source, the spe-
cific detectivity (D*) can be calculated by the following equation:

D� ¼ R

ð2eIdark=SÞ1=2
; (3)

where e is the electric charge on a single electron and Idark is the
dark current. Figure 2(c) presents the calculated R and D* under
the condition of different incident power densities. R and D* of
the device are up to 6.83� 103 A W�1 and 6.11� 1014 Jones at Vds

¼ 1 V at the power density of 26lW cm�2, which is larger than
that of most ZnO photodetectors (see Table S1, supplementary
material). A high photoresponse in the ZnO below the bandgap

FIG. 1. (a) Schematic illustration of the individual ultrathin ZnO nanosheet based
photodetectors with a thin HfO2 layer covering one side of the ZnO nanosheets. (b)
The Ids-Vds characteristics of the homojunction device on the condition of dark and
450 nm illumination. (c) The Ids-Vds characteristics of the pristine device in dark and
under 450 nm illumination. Inset: Schematic illustration of the pristine device. (d)
Simulated semilogarithmic scale Ids-Vds characteristics of the pristine device and
the n-nþ homojunction device. (e) Simulated electric field contour plot for the n-nþ

homojunction device. L and D are the length and width of the device, respectively.
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energy is attributed to the high photogain.23–25 It also can be
seen that R andD* of photodetectors decrease with the increas-
ing incident power density, which is not only owing to the satu-
rated absorption of the ZnO channel as the power increases but
also caused by the photoexcited electrons induced screening
effect in the conduction band of ZnO.19,26

We further conducted the time-resolved photoresponse
measurement by periodically switching a laser as shown in Fig.
2(d). The photocurrent increases to 1.7lA as the laser is turned
on and then dramatically decreases to its initial state as the light
is switched off. Furthermore, the signals exhibit a great repeat-
ability after multi-operation cycles as depicted in Fig. 2(d), indi-
cating a good stability and reliability of the photodetector.
Figures 2(e) and 2(f) display the complete rising and falling edges
of the device, respectively. Obviously, the behaviors of photocur-
rent rise and decay involve two processes, including rapid cur-
rent change and then slow relaxation. The two bi-exponential
function equations (4) and (5) used for characterizing the rising
and decaying photocurrent, respectively, are

IðtÞ ¼ I0 þ A1ð1� e�t=sr1 Þ þ A2ð1� e�t=sr2Þ; (4)

IðtÞ ¼ I0 þ A3e�t=sd1 þ A4e�t=sd2 ; (5)

where I0 is the dark current, and A1, A2, A3, and A4 are the posi-
tive constants. sr1, sr2 and sd1, sd2 are time constants for rising
and decaying photocurrents, respectively. On the basis of the
curve fittings, the calculated rise time constants are sr1 ¼ 0.02 s
and sr2 ¼ 0.28 s, and the decay times are sd1 ¼ 0.02 s and sd2
¼0.29 s. In addition, the response speed of the free-state ZnO
photodetector is about tens of seconds, which is much slower
than that of half-covered ZnO homojunction photodetectors. In
comparison, our device exhibits a better repeatability and faster
response speed than those of the previously reported typical
ZnO photodetectors because HfO2 not only acts as the passiv-
ation layer but also induces the build-in electric field (see Fig. S5
and Table S1, supplementary material). Interestingly, we found

that our device has a good response under the illumination of
520 and 637nm which is beyond the bandgap limitation of ZnO
(i.e., �3.3eV, �370nm) (see Fig. S6, supplementary material).17,22

It can be explained that O vacancies or Zn interstitials introduce
impurity states in the forbidden band as observed in PL charac-
terization and absorption characterization (see Fig. S7, supple-
mentary material). In addition, the n-nþ homojunction device
exhibits good responsivity and fast photoresponse speed under
the consideration of 375nm illumination as shown in Figs. S8(a)
and S8(b) (supplementary material).

To accurately examine the spatial distribution of the elec-
tric field of the ZnO homojunction, we conducted the two-
dimensional photocurrent imaging measurement. Figure 3
shows the photocurrent mapping results under the condition of
450nm laser with the power density of 28.775 mW cm�2.
Brightest regions in each figure reveal that the photocurrents
are mainly generated at the interface between the bare ZnO and
HfO2 capped region, which implies that an effective charge-
transfer induced built-in electric field is established in the ZnO
homojunction. In addition, the rapid separation of photogener-
ated carriers driven by the built-in electric field contributes
greatly to the fast response of the device. In the dark, the oxygen
is absorbed by the surface of the nanosheet and then captures
the electrons (O2þ2e�!O2–). Under illumination, the photo-
generated holes are migrated to the surface due to energy
bands bending upwards and then neutralize the atomic oxygen
radical anion (hþþO2–!O2). In the following, the ZnO nanosheet
releases the oxygen. Nevertheless, the photo-generated elec-
trons contribute to the photocurrent until the oxygen is
absorbed and ionized again. As for the region covering HfO2, the
oxygen concentration in the region covering HfO2 is lower so
that the process (Oþ 2e�!O2–) is slowed down. It is available to
achieve high photogain by means of efficiently separating the
photoinduced electron-hole pairs and increasing the lifetime of
carriers. Therefore, a weak photocurrent is generated in the
region covering HfO2.

FIG. 2. (a) The Ids-Vds characteristics under the illumination of light with different
incident power densities (mW cm�2). (b) and (c) The photocurrent responsivity and
detectivity as a function of incident power density, respectively. (d) Stability test of
the device under the reproducible on/off switching of the light. (e) The rise of the
current (black line) and bi-exponential fitting (red line) curve of the detector. (f)
Recovery current (black line) and the bi-exponential fitting (red line) curve of the
detector.

FIG. 3. (a) Optical microscopy image; the scale bar is 10 lm. (b), (c), and (d)
Photocurrent mapping images of the homojunction photodetector under a 450 nm
laser excitation with Vds ¼ –1 V, Vds ¼ 1 V, and Vds ¼ 0 V.
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To clarify the formation mechanisms of the homojunction,
we investigated the effect of oxygen on the charge transfer of
ZnO nanosheets. Drain-source (Ids–Vds) plots were measured at
different gas pressures which can be controlled by a molecular
pump connected to the vacuum probe station. As shown in Fig.
4(a), the current increases almost to three orders as the gas
pressure decreases from 102 to 10�5 mbar. In Fig. 4(b), the
threshold voltage of the pristine device shifts to a more negative
value with the decreasing gas pressure. When the gas pressure
is reduced to 10�5 mbar, the gate voltage is unable to effectively
modulate the channel conductance of the ZnO nanosheet as
before. In comparison, output characteristics of the pristine
device at different vacuum degrees in the dark of ZnO device
are completely covered by HfO2 [Fig. S8(c), supplementary mate-
rial). It can be seen that the charge density of the ZnO device
completely covered by HfO2 does not change with pressure. In
addition, we also measured the drain-current of the ZnO homo-
junction under the consideration of dark and illumination
(450nm, 28.775 mW cm�2). It is noticed that the ZnO homojunc-
tion device shows no rectification characteristic in a vacuum
under both illumination and dark [Fig. 4(c)], which indicates that
the gas atmosphere plays a key role in the formation of the homo-
junction. Meanwhile, we also conducted the time dependent
photo-response measurement with an applied voltage of 1V [Fig.
4(d)]. The rising and decaying times are 8.3 s and 99.8 s, respec-
tively. The decrease in the number of oxygen molecules adsorbed
in the uncovered HfO2 region leads to the charge transfer and
the disappearance of the homojunction, which significantly slow
down the reaction rate. In general, these results indicate that the
performance of the device is mainly dominated by the oxygen
molecules, and the specific details are discussed below.

Previously reported studies of pure ZnO nanostructure pho-
todetectors exhibited high dark current, low detectivity, and quite
long response time (seeTable S1, supplementary material) in com-
parison with the homojunction ZnO photodetector demonstrated
in this work whose performance is enhanced by the charge-
transfer dependent photoresponse mechanism. For achieving the
ZnO nanosheet homojunction, we use a thin HfO2 film deposited
onto half of the ZnO nanosheet to prevent the oxygen vacancies
from adsorbing the oxygen molecules, utilizing the effect of
charge transfer in the ZnO channel and forming a carrier concen-
tration gradient at the interface [Fig. 5(a)]. For a ZnO photodetec-
tor, oxygen vacancies play an important role in manipulating the
conductance of the device.15,21 As for the pristine device in the
atmospheric environment, the oxygen vacancies in the ultrathin
ZnO nanosheets tend to adsorb oxygen molecules in the air and
capture electrons to form oxygen ions (O2–). The adsorption pro-
cess can be expressed as follows: Oþ 2e� ! O2– [Fig. 5(b)-i], and
thus, the carrier concentration in the conduction band decreases
with the Fermi level far away from the conduction band, resulting
in a smaller dark current of the ZnO nanosheet device in the
atmospheric environment. Upon illumination, some of the photo-
generated electrons are captured by the adsorbed oxygen,18 and
the releasing processes are quite slow, leading to the long recov-
ery time as the illumination cut off. Further,we built theHfO2 cov-
ered structure to prevent the air in the chamber in order to
simulate a similar vacuum environment as shown in Fig. 5(b)-iii. As
the pressure decreases, the concentration of oxygen remaining in
the chamber is so low that the number of oxygen molecules
adsorbed on the ZnO nanosheet decreases. At this point, the
increased concentration of oxygen vacancies in the ZnO nano-
sheet contribute to an additional forward gate voltage in compari-
son of that in the atmosphere, making the Fermi level closer to
the conduction band. In this process, the electrons are released
from the negatively charged oxygen ions “O2– (ad)” via the follow-
ing reaction O2–! 1/2O þ 2e�. Both the increased gating effect
of oxygen vacancies and the released charges transferred to the

FIG. 4. (a) Output characteristics of the pristine device at different vacuum degrees
in the dark. (b) Transfer characteristics of the pristine device at different vacuum
degrees in the dark. (c) Comparison of the Ids-Vds characteristics of the homojunc-
tion photodetector in the dark and illumination in vacuum. (d) The reproducible on/
off switching of the ultrathin ZnO nanosheet homojunction photodetector under
450 nm-light illumination (28.775 mW cm�2) in vacuum.

FIG. 5. (a) Schematic diagram of ZnO nanosheet homojunction charge distribution. (b)
The carrier transport mechanism of pure ZnO, ZnO homojunction, and ZnOþHfO2. EF,
EC, and EV stand for the Fermi level, the minimum conduction band energy, and the
maximum valence band energy, respectively. (c) Comparison of the Ids-Vds characteris-
tics of pure ZnO, ZnO homojunction, and ZnOþHfO2 in the dark.
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conduction band contribute to the increase in the concentration
of the conduction electrons. As shown in Fig. 5(b)-ii, the different
electron concentrations of the two sides result in an apparent
n-nþ homojunction at the interface in the atmosphere, which can
effectively inhibit the dark current and accelerate the separation
of photogenerated electron-hole pairs. In addition, the built-in
electric field suppresses dark current/carrier density effectively
better than the oxygen vacancymodulation effect as shown in Fig.
5(c), indicating that the half-covering structure of our device can
easily achieve charge separation in space. Besides, the unique
two-dimensional ultrathin structure of the ZnO nanosheet can
effectively confine the transport orientation of carriers and as a
freeway to facilitate the transport of photogenerated carriers.29,30

Therefore, fast response speed is achieved for the ZnO nano-
sheets photodetector.

In summary, a unique n-nþ homojunction ZnO nanosheet
photodetector is fabricated by covering half of the channel with
the HfO2 thin film. With the introduction of charge-transfer
induced strong built-in electric field, the photo-generated car-
riers can be separated rapidly, and the dark current is sup-
pressed effectively, thus improving the device performance and
solving the problem of persistent photoconduction in ZnO pho-
todetectors. Particularly, ultralow dark current (10�12 A), large
responsivity (103 A W�1), and high detectivity (1014 Jones) are
achieved for the next-generation photodetectors based on
homojunction nano-ZnO. Taking advantages of high-
performance and fast response speed (�300ms), the device sur-
passes the limitation of traditional ZnO photodetectors with
potential practical application. In addition, a comprehensive
charge-transfer dependent photoresponse mechanism of ZnO
homojunction is proposed. This mechanism considers the
impact of oxygen vacancy density and the gating effect driven
by charge transfer in the ZnO channel, and it provides theoreti-
cal support for better oxide semiconductor photodetectors in
the future. Since the fabrication of p-type conducting ZnO is still
challenging, the idea of homojunction built via charge-transfer
modifications provide a good direction for the nano-ZnO appli-
cations in photodetection.

See supplementary material for the experimental details,
the complete morphology and structural characterization, and
their analysis.
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