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High-speed ultraviolet-visible-near infrared
photodiodes based on p-ZnS nanoribbon–n-silicon
heterojunction
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Ag-doped p-type ZnS nanoribbons (NRs) with a high hole concentration of 5.1 6 1018 cm23 and high

carrier mobility of 154.0 cm2 V22 s21 were synthesized by using silver sulfide (Ag2S) as the Ag source.

Excellent ohmic contact to p-ZnS NR with specific contact resistivity as low as 5.6 6 1027 V cm2 was

achieved by using bilayer Cu (4 nm)–Au electrode, which according to the depth profiling X-ray

photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) analysis can help to form a thin

Cu2S interfacial layer between the electrode. Based on the high quality ZnS NRs and achievement on

ohmic contact, p–n photodiodes have been constructed from the p-ZnS nanoribbon (NR)–n-Si

heterojunction with a response speed as high as y48 ms (rise time). Furthermore, the device also exhibits

stable optoelectrical properties with high sensitivity to UV-visible-NIR light and an enhancement of

responsivities of 1.1 6 103 AW21 for 254 nm under a reverse bias of 0.5 V. These generality of the above

results shows that the p-ZnS NR–n-Si heterojunction will have potential applications in future high-

performance photodetectors.

Introduction

In the last decade, one-dimensional (1D) semiconductor
nanostructures, with large surface-to-volume ratio, small size
and quantum confinement size effect have shown great
potential as building blocks for optoelectronics, such as
lasers,1 light-emitting diodes (LEDs),2 solar cells,3,4 photo-
detectors (PDs),5,6 and so on. Thanks to the rapid advance-
ment in the ‘‘bottom-up’’ control growth and development in
fabrication methodologies, 1D semiconductor nanostructures
have opened huge opportunities to develop various PDs with
exceptionally higher sensitivity and quicker response time.7 In
recent studies, high photoconductive gain of the PDs based on
1D nanostructures have been observed on various semicon-
ductors, such as ZnO nanowires (NWs) (y108),8 ZnS nanor-
ibbons (NRs) (y107)9 and InP NWs (y3 6 103).10 These nano-
PDs with high photoconductive gains are believed to be
associated with the longer photo-carrier lifetime which
originates from the carriers trapping in both bulk defects
and surface states.8 The slower recombination of the photo-
carriers makes the device take a much longer time to reach to
dark current level, and consequently, a relatively slow
photoresponse speed is attained. In practical applications,

the PDs must be not only responsive to photo-excitation but
also quick to relax to the dark state when the light source is
turned off. To this end, photodetector composed of 1D p–n
heterojunction nanostructures with high speed, high sensitiv-
ity and low operational voltages have been developed. For
instance, based on nanoscale avalanche photodiodes (APDs)
composed of crossed p-Si–n-CdS nanowire (NW) or InAs–InAsP
axial heterojunctions, photodetectors with excellent devices
performance have been successfully studied.11,12 Nonetheless,
these devices’ fabrication is characterized by accurately
controlled synthesis via either sophisticated or expensive
instruments which greatly hinders its wide application. As
an alternative, the nanostructures–thin film p–n heterojunc-
tion with a nanometer junction holds great promise. To date,
many efforts have been dedicated to heterojunction PDs
composed of 1D wide band gap semiconductors nanostruc-
tures on doped Si substrates. By combining wide band gap
semiconductors, such as ZnO,13,14 SnO2

15 and ZnTe16 with
silicon film, the whole range of light from UV to near-IR (NIR)
can be effectively absorbed by this kind of photodiode, which
is highly beneficial to wide wavelength application of PDs.

Recently, 1D ZnS nanostructures, as an important II–VI
compound semiconductor with a wide band-gap of 3.7 eV at
room temperature, have attracted much attention for their
wide applications in nano-electronic and nano-optoelectronic
devices, such as field emitters,17 gas sensors,18 and UV
photodetectors (PDs).19,20 Among these applications, growth
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of high quality p-type ZnS is an important issue for utilization
in optoelectronic devices due to the strong self-compensation
effect by native vacancies.21 Meanwhile, reliable ohmic
contacts to p-ZnS nanostructures with low contact resistance
are an essential issue to improve device performance. The
fabrication of effective p-type ZnS nanostructures for hetero-
junction PDs with good device performance is yet to be
demonstrated. In this work, we present the synthesis of p-type
ZnS NRs with high carrier mobility by using silver sulfide
(Ag2S) as the Ag source. To achieve ohmic contact to the p-type
ZnS NR, a new metallization technique by using bilayer Cu–Au
electrode was developed. In addition, the as-fabricated
photodiodes exhibited excellent device performance with wide
wavelength response from UV to NIR, fast response speed of 48
ms and high responsivity.

Experimental section

Materials synthesis and characterization

In this study, the p-type ZnS NRs were synthesized by using
Ag2S as the dopant via a chemical vapor deposition (CVD)
method. Briefly, Ag2S powder was placed at the upstream
position at 10 cm distance from the ZnS source (0.3 g, 99.99%,
Aldrich) and the molar ratio of Ag2S : ZnS was 1 : 6. Si
substrates coated with a layer of 5 nm gold catalyst were
placed downstream y10 cm away from the ZnS source. The
evaporation system was evacuated to a base pressure of 4 6
1025 Torr, and backfilled with a constant H2 (5% in Ar) gas
flow of 40 sccm to a pressure of 100 Torr. Afterwards, the ZnS
source was heated up to 1060 uC in one hour and kept at that
temperature for 30 min. The as-synthesized ZnS:Ag NRs were
characterized by field-emission scanning electron microscope
(FESEM, Philips XL 30 FEG) equipped with X-ray energy
dispersive spectrometer (EDS) and cathodoluminescence (CL)
system, X-ray diffraction (XRD, Rigaku D/Max-rB), high-
resolution transmission electron microscope (HRTEM, JEOL
JEM-2010), X-ray photoelectron spectroscopy (XPS) and X-ray-
induced Auger electron spectroscopy (XAES) (Thermo
ESCALAB 250Xi) equipped with a Al Ka (1486.6 eV) and Ar+

ion beam.

Device construction and characterization

In order to assess the electrical transport properties of the
ZnS:Ag NRs, back-gate field effect transistors (FETs) based on
individual NRs were constructed. The as-synthesized NRs were
firstly dispersed onto a SiO2 (300 nm)–p+-Si substrate, and
then bilayer Cu (4 nm)–Au (60 nm) source and drain electrodes
with spacing of y18 mm were fabricated by photolithography
and subsequently a lift-off process. The degenerately doped Si
substrate serves as the global back-gate in the nanoFET. To
fabricate the p-ZnS NR–n-Si heterojunctions, the SiO2 (300
nm)–n-Si substrate (0.02 V cm) was chosen in this process. An
insulative SiO2 pad (200 mm 6 200 mm) on the Si substrate was
defined by a photolithography process and subsequently wet
etching with a buffered oxide etch (BOE) solution (HF : NH4F =
1 : 6) for about five minutes at room temperature. After that,
the Ag-doped ZnS NRs were dispersed on the substrate, and Cu

(4 nm)–Au (60 nm) electrodes that serve as the ohmic contacts
to the NRs were defined by additional photolithography
process on the insulative SiO2 pads. The p–n heterojunctions
were formed in the contact regions of n-Si substrate and NRs
on SiO2 pads (Fig. 3). All the electrodes materials were
deposited by using a high-vacuum electron beam evaporation
system.

The device characterization was performed by a semicon-
ductor parameter analyser system (Keithley 4200-SCS) at room
temperature. To measure the photoresponse properties of the
heterojunction devices, light sources including 632.8 nm He–
Ne laser, 254 nm UV light and 850 nm LED, an oscilloscope
(Tektronix, TDS2012B), and a mechanical light chopper (LE-
oc120) was used.

Results and discussion

Fig. 1(a) shows a typical SEM image of the as-synthesized
ZnS:Ag NRs, from which it can be seen that the NRs have width
in the range of 200 nm–2 mm, length of 20–100 mm, and
thickness of 50–100 nm. The corresponding EDS profile is
shown in the inset of Fig. 1(a), the very weak Ag peak suggests
that silver element was successfully incorporated into the NRs.
From further XRD pattern (Fig. 1(b)), it is seen that the NR can
be assigned to be wurtzite structure (JCPDS 80-0007) and no
impurity phases are found. Further HRTEM image combined
with the fast Fourier transform (FFT) (Fig. 1(c)) reveals that the
ZnS:Ag NRs are of single-crystal wurtzite structure, with a
growth orientation of [101̄0]. Fig. 1(d) displays a typical CL
spectrum of the NRs. It is obvious that the NRs show a strong
emission located at y450 nm, which can be ascribed to the
self-activated (SA) luminescence corresponding to the donor–
acceptor transition.22 It has been previously reported that
group I metals such as Ag and Cu are fast-diffusing impurities
in II–VI compounds, by this token, Ag+ ions can occupy the
Zn2+ lattice sites in ZnS and can act as effective luminescent
centers which are known to form the so-called blue cen-
ters.23,24 Besides the contribution to optical property, the
substitutional doping of Ag+ in the ZnS NRs by replacing Zn2+

could also account for the observed p-type characteristic of the
NRs which will be discussed later on.

As we know, ohmic contacts to semiconductor materials or
devices are indispensable for solid state device architecture.
With the diminishing size of nanostructures based devices,
the increasing contact resistance has become one of the most
important concerns. According to the Schottky model, the
p-ZnS work function, which is about 7.6 eV estimated from the
sum of the electron affinity (x = 3.9 eV) and band gap (Eg = 3.7
eV), is so high that there is almost no appropriate metals that
can create a barrier-free contact interface without assistance
from interfacial reactions or very high near-surface carrier
concentrations. The most commonly used method for opti-
mizing the contacts of the wide band gap semiconductors
such as p-GaN, p-ZnSe thin films and metals,25,26 namely
minimizing the contact resistance, involves a metallization
scheme from bilayer or multilayer metal contact. Enlightened
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by this, we develop a new metallization technique which
employs a bilayer Cu (4 nm)–Au contact to p-ZnS NR. Fig. 2(a)
shows the typical I–V curves of the p-ZnS NR with Au, Cu, and
Cu–Au electrodes, respectively. It is clear that the I–V curve
from the bilayer Cu (4 nm)–Au (60 nm) contact to p-ZnS NRs

exhibited linear ohmic behaviour in the as-deposited condi-
tion, with a remarkably improved contact to NR. In contrast,
either Cu or Au single-layer electrode exhibits much worse
contact to the NR even after annealing at 600 uC for 5 min.
Specifically, the conductivity of the NRs is remarkably

Fig. 1 (a) A typical SEM image of the as-synthesized ZnS:Ag NRs. Inset is the corresponding EDS spectrum. (b) XRD pattern of the ZnS:Ag NR. (c) HRTEM image of the
ZnS:Ag NR. The inset shows the corresponding FFT pattern. (d) CL spectrum of the ZnS:Ag NRs.

Fig. 2 (a) Typical I–V curves of the Au, Cu and Cu (4 nm)–Au contacts to p-ZnS NR before and after annealing. Inset shows the SEM image of the device. (b) I–V curves
of a single p-ZnS NR measured by both two-terminal and four-terminal methods with Cu (4 nm)–Au contacts. Inset shows the SEM image of the device for four-
terminal measurement. (c) The Cu 2p XPS spectra of the p-ZnS NRs coated with Cu–Au layer. Inset shows the Cu LMM spectra. (d) Electrical transfer characteristics of
ZnS:Ag NR based on back-gate field effect transistor, in which Cu–Au electrode were used as the source and drain electrode. IDS–VDS curves plotted at varied VG from
240 V to 40 V. Inset shows the IDS–VG curve at VDS = 0.1 V.
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increased, from 1028 S cm21 for Au or Cu contact to 68 S cm21

for Cu–Au electrode. In order to quantitatively determine the
contact resistance between the Cu–Au bilayer electrode and
the p-ZnS NR, four-terminal analysis method was employed.
Fig. 2(b) shows the I–V curves obtained from the two-terminal
and four-terminal measurements. It is seen that I–V curves
measured by these two methods nearly overlapped, revealing
the excellent ohmic contact to p-ZnS NR. The contact
resistance, as obtained from the difference between the two-
terminal and four-terminal resistance values, was estimated to
be 20 V. Therefore, the specific contact resistivity, one
important figure of merit for contact, could be estimated to
be y5.6 6 1027 V cm2 assuming that the whole NR flat is
contributing to usable contact area. Comparatively, such a
contact resistivity is even lower than the reported value for
p-type GaN and ZnSe thin film.25,27 As we will discuss later,
this dramatic decrease in contact resistance could be
attributed to the ultrathin Cu film.

In order to unveil the physical origin of the excellent
contact of the NR and Cu–Au electrode, we carried out X-ray
photoelectron spectroscopy (XPS) and X-ray-induced Auger
electron spectroscopy (XAES) analysis. Cu (4 nm)–Au (5 nm)
films were firstly coated on the as-synthesized ZnS:Ag NRs in
an electron beam evaporator. Then the as-coated NRs were
directly transformed into the preparation chamber of the XPS.
Fig. 2(c) shows the Cu 2p XPS and Cu LMM spectrum under
Ar+ ion etching for 120 s. The modified Auger parameter (a9) is
frequently chosen to determine the Cu chemical state. Here, it
can be defined as28

a9 = Ek(Auger) + Eb(photoelectron) (1)

By using Au 4f7/2 (83.8 eV) as a reference standard, a9 is
found to be 1849.7 eV from the numerical sum of the Cu 2p3/2

line (932.0 eV) and the Cu LMM line (917.7 eV). This value is
comparable to that of Cu2S reported previously,29,30 suggesting

the formation of a Cu2S layer due to surface reaction during
electrode deposition. This finding is significant as the
unintentional introduction of a thin layer of Cu2S can greatly
reduce the contact resistance by increasing the hole concen-
tration near the surface of NR and decreasing the depletion
width of the Schottky junction, which can facilitate the
tunneling transport from the p-ZnS NR to Cu–Au electrode
by thermionic or thermionic-field emission.

To further characterize the electrical transfer properties of
the Ag doped ZnS NRs, the back-gate FETs based on single NR
was fabricated. Fig. 2(d) depicts typical gate-dependent
source–drain current (IDS) versus source–drain voltage (VDS)
curves measured at varied gate voltage (VGS) from 240 to 40 V
at a step of 20 V. The curve characteristics show the device
exhibits an evident p-type gating effect, proving the p-type
nature of the ZnS:Ag NRs. The field-effect hole mobility mh and
carrier concentration nh are derived to be 154.0 cm2 V22 s21

and 5.1 6 1018 cm23, respectively, from the transfer
characteristics according to the following equations:

gm~
ZmhCoVDS

L
(2)

nh~
s

qmh

(3)

where Z/L (500 nm/18 mm) is the width-to-length ratio of the
NR channel, Co the oxide capacitance per unit area, gm the
transconductance of the nanoFET, which can be deduced to
y5.0 nS from inset in Fig. 2(d) according to the relationship of
gm = dIDS/dVGS. These results undoubtedly demonstrate that an
effective p-type doping has been achieved in the ZnS NRs by
using Ag2S as the dopant. The hole concentration is compar-
able with the value of the ZnS film.31 While the high hole
mobility of the ZnS:Ag NRs is much higher than that of
previous reports for p-type II–VI nanostructures,32,33 we
ascribe this high hole mobility to large channel conduction
current in FETs as a result of excellent ohmic contact of Cu–Au
electrodes.

The as-synthesized p-ZnS NRs were then used to construct
the p–n heterojunction photodiode. Fig. 3 shows the sche-
matic illustration of the fabricating process of the p-ZnS NR–n-
Si heterojunction. Briefly, it is mainly composed of three steps.
The first step is to define patterned SiO2 insulator pads by a
photolithography and subsequent etching process. The second
step is to transfer ZnS NRs to n-Si substrate, and the last step
involves fabrication of ohmic contact to NRs on SiO2 insulator
pads. The electrical and optoelectrical properties of the devices
was measured between Cu–Au electrode and silver paste.

Fig. 4(a) plots a typical I–V curve of the p-ZnS NR–n-Si
heterojunction in the dark, exhibiting an obvious rectifying
behavior. Careful analysis reveals a turn-on voltage of 0.1 V
and a rectification ratio as high as 102 in the 21 to +0.5 V
range. According to the p–n junction theory, the ideal factor (n)
for the device can be determined to be 1.89 from the slop of
the forward bias semi-log I–V curve shown in Fig. 4(b),
according to the following relation

Fig. 3 Schematic illustration of the fabrication process of the p-ZnS NR–n-Si
heterojunction PDs.
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n~
q

KBT

dV

d ln I
(4)

This value is superior to that of p-SiNWs–ZnO,16 p-ZnO–n-
Si34 and p-ZnTe NRs–n-Si p–n heterojunctions.35

By combining the as-prepared ZnS NRs with n-Si, a
photodetector with high sensitivity to ultraviolet-visible-near
infrared light can be easily fabricated. To detect the
optoelectrical properties of the p-ZnS NR–n-Si heterojunction,
the UV light (254 nm), visible light (632.8 nm) and NIR light
(850 nm) were chosen and guided onto the device. The light
was turned ON and OFF manually to investigate the time
response of the PDs. Fig. 5(a) displays the I–V curves of the
device under the illumination of light with different wave-
lengths. It can be observed that the p–n heterojunction reveals
remarkable photocurrent upon UV-visible-near-IR light irra-
diation at reverse bias, indicating the high sensitivity of the
photodiode to UV-visible-near IR lights. The high sensitivity on
reverse bias is consistent with the fact that the photo-excited
electron–hole pairs significantly influence the concentration of
minority carriers, which dominates the current through a
reverse bias.36 Fig. 5(b) and (c) show the time response of the
heterojunction under illumination of light with different
wavelengths at reverse bias of 20.5 V. It can be found that
the heterojunction PD exhibits high conductance at ‘‘light-on’’
state, but low conductance when the light illumination was
switched off, with excellent stability and reproducibility.
Further analysis reveals that the photocurrent at light-on and

light-off states are about 1.06 mA and 28.8 nA under 632.8 nm
He–Ne laser illumination, respectively. Therefore the current
on/off ratio can be estimated to be 36, which is larger than the
values of 2 for 254 nm UV light and 3 for 850 nm NIR light. The
difference of the current on/off ratio can be attributed to the
light intensity. Besides, we also estimated the responsivity (R),
a critical parameter for photodetectors. R is defined as the
photocurrent per unit of incident power on a photodetector
and can be expressed as9

R AW{1
� �

~
Ip

PoptS
(5)

where Ip, Popt and S are photocurrent, incident light intensity
and effective illuminated area, respectively. In this study, S is
about 5 6 1028 cm22. The corresponding R vs. reverse bias
curves under different light is shown in Fig. 5(d). It is clearly
seen that the responsivity for all three different light increases
with the increase of reverse bias, and reaches as high as 1.1 6
103, 2.0 6 102 and 1.0 6 103 AW21 for 254, 632.8 and 850 nm,
respectively. Interestingly, the responsivity of the device for UV
light is larger than that for visible light, which is totally
different from what is observed on previous Si-based PDs,
where the responsivity for visible light is usually larger than
that of the UV light due to the strong absorbing effect. We
attribute this high sensitivity to efficient absorption of UV light
by the top ZnS NR. The generated electron–hole pairs in
depletion region near ZnS NR could be separated under built-
in field or applied reverse bias upon UV illumination, giving
rise to a large photocurrent in the circuit (Fig. 6(a)). Note that
during the light detection process, the applied reverse bias
would accelerate the separation of the photogenerated carriers
as a result of stronger built-in electrical field. With regard to
the higher sensitivity for NIR light than visible light, it is

Fig. 4 (a) Typical I–V curves of the p-ZnS NR–n-Si heterojunction in both linear
and semi-log plot. Inset shows the SEM image of the heterojunction device. (b)
I–V curve at forward bias.

Fig. 5 (a) I–V curves of the p-ZnS NR–n-Si heterojunction in the dark and under
illumination of UV light (254 nm, 0.4 mW cm22), visible light (632.8 nm He–Ne
laser 100 mW cm22), inset shows the I–V curves of the device under IR light (850
nm 1 mW cm22). (b) and (c) Time response of the heterojunction under
illumination of light with different wavelengths. (d) Responsivity of the
heterojunction under illumination of different wavelength of light as displayed
in semi-log plot at a reverse bias of 0.5 V.
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probably due to the strong absorption of light in NIR region by
the underlying Si. The detailed working mechanism is
depicted in Fig. 6(b).

Response speed, which reflects its ability to follow a fast
varying optical signal, is another important figure of merit for
a photodetector. In our measurements, the photoresponse of
the p-ZnS NR–n-Si heterojunction was further probed by an
oscilloscope that is capable of monitoring high-frequency
switching photocurrent. Note that the pulsed light was
generated by a mechanical chopper whose frequency can be
automatically adjusted (Fig. 7(a)). Fig. 7(b)–(d) show the time

response of the p-ZnS NR–n-Si heterojunction under He–Ne
laser illumination with a light intensity of 100 mW cm22. It is
clear that the nanodevice is highly sensitive to the pulsed light
in a wide frequency from 50 to 2200 Hz, with excellent stability
and reproducibility. Moreover, the [(Imax 2 Imin)/Imax] value
only decreases by 40% even at 2200 Hz (Fig. 7(e)), signifying
that our device can work at higher frequency. In the time
domain, the speed of a photodetector is normally assessed by
the rise time (tr) and fall time (tf) of its response to an impulse
signal or to a pulse signal. The tr is the time interval for the
response to rise from 10 to 90% of its peak value,5,16,37 while
the tf is the time interval for the response to decay from 90 to
10% of its peak value. For this device, tr and tf can be
determined to be 48 ms and 180 ms, respectively, under a
frequency of 2200 Hz (Fig. 7(f)), which are much faster than
those of ZnS NRs and superior to that of reported p–n
heterojunction PDs such as p-ZnTe NR–n-Si heterojucntion.16

Such fast response speed could be attributed to the high
quality p–n heterojunction formed between ZnS NR and n-Si
substrate, which can facilitate the quick separation of the
photo-generated electron–hole pairs. Table 1 summarizes the
main device parameters of the p-ZnS NR–n-Si heterojunction
and other nano-PDs recently reported for comparison. It notes
that our device is much better than not only the devices made
of pure ZnS or ZnTe nanostructure, but also the CdTe–Si
heterojunction. Understandably, the excellent ohmic contact
with negligible contact resistance and the formation of the
high-quality heterojunction, due to perfect lattice matching
between ZnS and Si, are considered important to good device
performance of the p-ZnS NR–n-Si heterojunction PDs.
Undoubtedly, this p-ZnS NR–n-Si heterojunction with wide
wavelength response, high response speed, high sensitivity
will have potential application in future high-performance
nano-optoelectronic devices.

Conclusion

In summary, single-crystal p-type ZnS:Ag NRs were synthesized
via a thermal co-evaporation method. Four-terminal measure-
ment analysis reveals that the Cu–Au bilayer electrode shows

Fig. 6 Energy band diagrams of the p-ZnS NR–n-Si heterojunction upon illumination of UV light (a), and visible and IR light (b) at reverse bias voltage.

Fig. 7 (a) Schematic illustration of configuration for measuring the time
response of the p-ZnS NR–n-Si heterojunction PD. Response characteristics of
the heterojunction to the pulsed visible light (632.8 nm, 100 mW cm22 He–Ne
laser) at a frequency of (b) 50, (c) 500, (d) 2200 Hz. (e) The relative balance
(Imax 2 Imin)/Imax versus switching frequency. (f) A single normalized cycle
measured at 2200 Hz for estimating both rise time (tr) and fall time (tf).
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excellent ohmic contact to the NRs with specific contact
resistivity as low as 5.6 6 1027 V cm2. The dramatic decrease
in contact resistance can be attributed to the formation of the
thin Cu2S interfacial layer between the electrode and NRs,
which was verified by both XPS and XAES analysis.
Furthermore, the heterojunction PD exhibited high and stable
sensitivity to UV-visible-NIR light. The responsivity for 850 nm
was as high as 1.1 6 103 AW21 at reverse bias of 0.5 V. What is
more, the response speed is as fast as 48 ms, much quicker
than other heterojunctions based PDs. These results suggest
that such p-ZnS NRs–n-Si heterojunctions will have potential
application in future high-performance UV-visible-NIR light
photodetection.
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