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Nitrogen doped p-type ZnS nanowires (NWs) were realized using thermal decomposition of

triethylamine at a mild temperature. Field-effect transistors made from individual ZnS:N NWs

revealed typical p-type conductivity behavior, with a hole mobility of 3.41 cm2V�1s�1 and a hole

concentration of 1.67� 1017 cm�3, respectively. Further analysis found that the ZnS:N NW is

sensitive to UV light irradiation with high responsivity, photoconductive gain, and good spectral

selectivity. The totality of this study suggests that the solvothermal doping method is highly

feasible to dope one dimensional semiconductor nanostructures for optoelectronic devices

application. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4833275]

Zinc sulfide (ZnS), as one of the first semiconductors

discovered, has already shown marvelous versatility and

promise for novel and diverse applications, including light-

emitting diodes (LEDs), flat panel display, electrolumines-

cence, infrared windows sensors, lasers, and bio devices.1–3

Compared with other popular and widely known semicon-

ductors, such as ZnO and GaN nanowires (NWs), there are

some unique properties exhibited in ZnS nanostructures. To

name a few, ZnS has a large bandgap of 3.77 eV for the hex-

agonal wurtzite phase and 3.72 eV for the cubic phase at

room temperature and accordingly, it is more suitable for

ultraviolet (UV) light based devices, such as photodetectors.4

But intrinsic ZnS in native forms is highly insulating due to

its high crystal quality with little donor/acceptor defects and

consequently, not suitable for device applications without

doping.5 As a result, the ability to dope ZnS NWs with suita-

ble impurities, to achieve n-type or p-type conductivities, is

highly desirable.

Nowadays, doping ZnS NWs with n- and p-type electrical

conduction has been commonly achieved via an in-situ doping

approach, which is simply to mix various dopants (such as Al,6

Sb,7 and Cu2S (Ref. 8)) and ZnS powder or to introduce partic-

ular source gas (e.g., NH3 (Ref. 9) when evaporating ZnS at

high temperature. However, these methods often unavoidably

involve using toxic chemicals or gases, and a high temperature,

which limit the practical application of ZnS NWs. One possi-

ble solution to this issue is low-temperature hydrothermal or

solvothermal approach. For example, recently, Yu et al. pro-

posed a diethylenetriamine (DETA) assisted solvothermal

method to achieve nitrogen-doped graphene. It was found that

at solvothermal condition, DETA will decompose at the sur-

face of graphene to emit nitrogen atoms, leading to the forma-

tion of nitrogen-doped graphene at a mild temperature.10

Besides nitrogen, other species such as sulfur11 and lanthanide

atoms12 can also be similarly incorporated at low temperature.

Enlightened by the above, we, herein, present a facile and

solvothermal method to dope ZnS NWs with nitrogen under a

mild condition. The as-doped ZnS NWs exhibit typical p-type

conductivity, with a hole concentration of 1.67� 1017 cm�3

and hole mobility of 3.41 cm2V�1s�1. Besides, the nanostruc-

ture can be employed to fabricate UV photodetector with high

responsivity and photoconductive gain. This method is prob-

ably suitable for other II–VI semiconductors, thus opening up

the opportunities for a host of high-performance nanodevices

based on p-type II–VI nanostructures.

The doping of ZnS NWs begins with the synthesis of

intrinsic ZnS NWs. Briefly, thermal evaporation of ZnS pow-

der onto a Si substrate coated with a Au catalyst was carried

out in a horizontal quartz tube furnace, using high-purity ar-

gon premixed with 5% hydrogen as the carrier gas at

1040 �C for 2 h.13 After cooling down, the white wool-like

products were mixed with 10 ml triethylamine in a Teflon-

lined stainless steel autoclave, followed by solvothermal

treatment at 120 �C for 13 h. After that the obtained suspen-

sions were taken out and cooled down to room temperature

naturally. The yellow solid products were then collected by

centrifuging the mixture, washed with deionized water and

absolute ethanol for several times, and dried in a vacuum

chamber for further characterization. The as-synthesized

ZnS:N NWs were characterized by X-ray diffraction (XRD,

Rigaku D/Max-rB), field-emission scanning electron micros-

copy (FE-SEM, SIRION 200 FEG), high-resolution trans-

mission electron microscopy (HRTEM, Philips CM200

FEG), energy dispersive X-ray spectrometer (EDS) equipped

in the TEM, and X-ray photoelectron spectrometer (XPS,

Thermo ESCALAB 250). Room-temperature photolumines-

cence (RT-PL, LabRAM-HR) analysis was carried out by

using He–Cd 325 nm laser as the excitation source. To assess

the electrical transport properties of the ZnS:N NWs, back-

gate FETs based on individual nanowires were constructed.

The as-synthesized ZnS:N NWs were first dispersed on a

SiO2 (300 nm)/pþ-Si substrate, and then Cu/Au (10/50 nm)

double-layer source and drain electrodes were defined by

photolithography and lift-off processes, followed by electron

beam evaporation. The Si substrate served as the global back
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gate. A fast annealing process in vacuum (5� 10�4 Torr) at

300 �C for 3 min was carried out to further improve the elec-

trical contact between the Cu/Au electrodes and the ZnS:N

NWs. All the electrical and photoresponse properties were

performed at room temperature using a semiconductor I-V
characterization system (Keithley 4200-SCS).

Fig. 1(a) exhibits the schematic illustration of the prepa-

ration of ZnS:N NWs. Figs. 1(b) and 1(c) show the typical

SEM and TEM images of the ZnS:N NWs with lengths of

400–600 lm, and a diameter of 80 to 100 nm. Compared

with undoped ZnS NWs, it is found that the morphology of

ZnS:N NWs remains unchanged. The inset of Fig. 1(c)

depicts the EDS profile of ZnS:N NWs, revealing an approx-

imate stoichiometric ratio of Zn: S� 25:24. Further XRD

patterns in Fig. 1(d) indicate that all of the diffraction peaks

can be readily indexed to wurtzite structured ZnS, without

any impurity and contaminant phases. The nearly identical

XRD pattern after solvothermal treatment suggests that the

incorporation of N atoms does not alter the lattice structure

of the ZnS. The HRTEM image, combined with the selected-

area electron diffraction (SAED) pattern in Fig. 1(e), shows

that the ZnS: N NWs grow preferentially along [10�10], in

consistence with literature value.8

As often observed in ZnO,14 TiO2,15 after nitrogen dop-

ing via solvothermal method, distinct color change from

white to pale yellow was observed (Fig. 2(a)). Fig. 2(b)

depicts the room-temperature PL spectra of both the ZnS:N

NWs and undoped ones, from which it is seen that both of

the samples consist a broad green emission at �520 nm

owing to the deep-level emission associated with the sulfur

vacancies.16,17 Besides, a weak emission band at 580 nm is

also observed on the ZnS:N NW.18 This emission peak is

rarely reported and probably associated with the nitrogen

doping. For the undoped ZnS NWs, an additional emission

band at around 460 nm due to defect-related emission of ZnS

host is observed.19 The role of ZnS is mainly as a host,

absorbing energy and transferring the excited electron to the

dopants, from which the emission with various colors occurs.

Accordingly, the defect-related emission of the ZnS host is

weak and cannot be observed in the doped case.

XPS analysis was then performed to reveal the chemical

environment and states of N in the ZnS:N NWs. As exhibited

in Fig. 2(c), in addition to the Zn and S signals, a weak peak

at around 400 eV corresponding to N1s core level is

observed, suggesting that N atoms are indeed incorporated

into the ZnS NWs. Fig. 2(d) shows the high-resolution N1s

spectra, by decomposing the asymmetric line profile, two

separate peaks centered at 399.5 and 401.4 eV are obtained,

indicative of the presence of two kinds of N atoms with dif-

ferent chemical surrounding. The signal at low energy is

probably ascribed to zinc nitride, in which the N atom has

secured substantial charge from the surrounding metal

atoms.20 That is to say, the sites of sulfur atoms were

replaced with nitrogen atoms in the ZnS. Moreover, the

higher binding energy peak is attributed to N species with

strong oxygen adsorption on the surface when the ZnS:N

NWs is exposed to air.21 The solvothermal doping mecha-

nism can be understood as follows: At high pressure condi-

tion, like DETA,10 the Et3N molecules are highly unstable

and apt to emit huge amount of N atoms which can either

substitute the sites of sulfur anions in the ZnS lattice, giving

rise to the formation of zinc nitride, or fill in the sulfur

vacancies on the NW surface.22 Owing to the huge surface to

volume ratio, the nitrogen atoms on the nanostructures sur-

face can be readily absorbed by ambient oxygen, which con-

stitute the main reason for the Schottky junction.

To assess the effect of N doping on the electrical proper-

ties of the ZnS NWs, back-gate FETs were fabricated from

individual NWs. According to the typical I–V curves of the

FIG. 1. (a) Schematic illustration of the preparation of ZnS:N NWs. (b)

SEM image of the ZnS:N NWs, the inset is an SEM image at high magnifi-

cation. (c) TEM image of the ZnS:N NW, the inset is the corresponding

EDS spectrum. (d) XRD patterns of both undoped ZnS and nitrogen doped

ZnS NWs. (e) HRTEM image of the ZnS:N NWs, the inset shows the corre-

sponding SAED pattern.

FIG. 2. (a) Photograph of both undoped and nitrogen doped ZnS NWs. (b)

PL spectra of both undoped and nitrogen doped ZnS NWs. (c) XPS spectrum

of ZnS:N NWs, the atomic percentage of N atoms is �2.5%. (d)

Corresponding high-resolution N1s spectrum.
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samples in Fig. 3(a), the undoped ZnS NW exhibits an

extremely low conductivity of less than 1� 10�8 Scm�1.

By contrast, the conductivity is observed to dramatically

increase by 7 orders of magnitude, to 9.2� 10�2 Scm�1 af-

ter solvothermal doping. It should be noted that the

sequence of annealing plays a vitally important role in

determining the contact nature of the ZnS:N NW/Cu/Au:

Annealing of ZnS:N NW prior to device fabrication can

form Schottky junction to ZnS:N NW with obvious

Schottky barrier (see the green line denoted as pre-anneal-

ing), while post-annealing, after device fabrication on the

contrary, will lead to the formation of Ohmic contact. Such

an improvement in contact is possibly due to the formation

of highly conducting CuS film between the ZnS:N NW and

Cu/Au electrode at high temperature.23 Fig. 3(c) displays

the source–drain current (IDS) versus source–drain voltage

(VDS) curves at varied gate voltages (VGS), exhibiting

typical p-type gating effect. The hole mobility (lh) is esti-

mated to be 3.41 cm2V�1s�1 at VDS¼ 1 V and the hole

concentration (nh) is �1.67� 1017 cm�3. The calculated

hole mobility of the ZnS:N NWs is much higher than that

of Sb-doped ZnS nanoribbons (NRs) (0.2 cm2V�1s�1),7 and

nitrogen-doped ZnS NRs synthesized by applying ammonia

gas as the acceptor source (0.2 cm2V�1s�1), suggesting the

high feasibility of the solvothermal strategy for semicon-

ductors doping.9 The above results indubitably demonstrate

that efficient p-type doping in the ZnS NWs is accom-

plished by decomposing triethylamine molecules. To unveil

the stability of the as-doped ZnS:N NWs, we then checked

the evolution of both conductivity and hole mobility after

long-term storage in drying cabinet (Fig. 3(d)). Apparently,

one can see that the ZnS:N NWs experience a nominal

decrease in hole mobility and concentration. This slight

change in hole mobility and concentration (less than 1%) is

probably associated with the increasing oxygen adsorption

on N species at surface when exposed to ambient

condition.

Next, we examined the optoelectronic property of the

as-prepared ZnS:N NWs. As illustrated in Fig. 4(a), the

ZnS:N NW shows a remarkable photocurrent (Ilight/Idark ratio

�5 at a reverse bias of �5 V) when the device is exposed to

254 nm UV illumination. In addition, the ZnS:N NW device

can be readily switched between high- and low-conduction

states with good reproducibility when the UV light was alter-

natively turned on and off. To further evaluate the capability

of this single ZnS:N NW based photodetector, we calculate

the responsivity (R) and photoconductive gain (G) by the fol-

lowing equation:

R A W�1ð Þ ¼ IP=Popt ¼ g qk=hcð ÞG;

where IP, Popt, g, k, h, and c are the photocurrent, the inci-

dent light power, the quantum efficiency, the light

FIG. 3. (a) Typical I–V curves of

undoped and N doped ZnS NWs under

different annealing process; the inset

shows the schematic illustration of the

back-gate FET based on a single

ZnS:N NW. (b) Distribution of con-

ductivity for 40 devices, 10 devices

each for the undoped ZnS, the doped

ZnS without annealing, the ZnS with

pre-annealing, and ZnS with post-

annealing. (c) IDS-VDS plots of a FET

made of an individual ZnS:N NW after

post annealing, the inset exhibits typi-

cal transfer characteristics of the FET

at VDS¼ 1 V. (d) Hole mobility and

concentration evolution of the ZnS:N

NWs as a function of time. The inset is

a typical SEM image of the FET.

FIG. 4. (a) I–V curves of a single ZnS:N NW based UV photodetector with

and without UV-light illumination, during testing the light intensity is kept

at 20 lW cm�2. (b) Photoresponse of the UV photodetector to pulsed

UV-light (254 nm, 20 lW cm�2) measured at an external applied bias of 5 V.

(c) Spectral response of the ZnS:N NW based UV photodetector.
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wavelength, the Planck’s constant, and the light speed,

respectively. R is estimated to be 1.43� 105 A W�1 at a

reverse bias of �5 V assuming g¼ 1 for simplification.

Meanwhile, G is calculated to be 7� 105. Notably, both R
and G, corresponding to doped ZnS NW in this work,

are comparable to that of n-type ZnS NWs photode-

tector, but much higher than that of ZnO and GaN

nanostructures based devices (Table I). This relatively

high R and G can be related to the presence of defect

states in ZnS:N NWs. Once the device is illuminated

with UV light, the states caused by nitrogen doping

will function also as effective trapping states.24 By

lessening the electron–hole recombination (trapping the

minority carriers (electrons)), the lifetime of the photo-

carriers is considerably prolonged.25 Apart from the

high responsivity and gain, the ZnS:N NW exhibits a

good spectral selectivity. Fig. 4(c) plots the normalized

responsivity of the UV photodetector as a function of

wavelength. The conductance of the ZnS:N NWs

strongly depends on the light wavelength with the

cut-off wavelength of �330 nm, which is consistent

with the bandgap of ZnS. This finding signifies that

the increase of the photocurrent is mainly due to the

electron–hole pairs excited by the incident light with

energy greater than the bandgap.

In conclusion, we have demonstrated an effective

approach to the synthesis of p-type ZnS:N NWs doping via a

low-temperature triethylamine decomposition method. The

as-doped ZnS NW exhibits typical p-type conduction behav-

ior, with a hole concentration of 1.67� 1017 cm�3 and hole

mobility of 3.41 cm2V�1s�1, respectively. In addition, the

UV photodetector constructed from the single ZnS:N NW

exhibits excellent device performance, in terms of high

responsivity and photoconductive gain. This study corrobo-

rates that such a solvothermal doping scheme by

triethylamine decomposition has great potential for future

optoelectronic devices application.
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