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Abstract 

Nb-doped and undoped WSe2 layered crystals were 

grown by chemical vapor transport (CVT) method 

using iodine as the transport agent [1]. The indirect 

band gap and excitonic transition energies have been 

determined to be 1.2, 1.61, and 2.08 eV at 300 K, 

respectively, by piezoreflectance spectroscopies (PzR) 

and photoconductivity (PC) measurements. We have 

performed temperature dependent I-V characteristic 

measurements at different temperatures to determine 

the resistivity and Schottky barrier height for these two 

samples. Due to the doping of niobium, the resistivity 

has been decreased from to, and the Schottky barrier 

height decreased from 310 to 93 meV. Furthermore, we 

also studied the optical response at different bias 

voltages, light intensity and on/off frequency of the 

pumping laser. The niobium doping can effectively 

enhance the responsivity over 70 times but also a little 

bit increase in the rise and fall times. 

 

1. Introduction 

WSe₂ is a layered semiconductor and belongs to the 

family of transition-metal dichalcogenides (TMDCs) [1]. 

The compound adopts a hexagonal crystalline structure 

similar to molybdenum disulfide. Every tungsten atom is 

covalently bonded to six selenium ligands in a trigonal 

prismatic coordination sphere while each selenium is 

bonded to three tungsten atoms in a pyramidal geometry. It 

is crystallized in a lattice with strong covalent bonds within 

a unit layer and weak interactions, usually of the van der 

Waals type, between different layers. WSe2 is a p type 

semiconductor with a high intrinsic hole mobility of up to 

500 cm2V-1s-1 and high photo responsivity up to 7 A/W and 

low photo response times in the order of 10 microseconds 

monolayer devices. In this study, we have grown undoped 

and Nb-doped WSe2 crystals by CVT method and checked 

they are all p type semiconductors with field effect mobility 

of 26.75 and 1.86 cm2/Vs, respectively, from ID-VGS data. 

We studied the electrical and optical properties of undoped 

and Nb-doped WSe2 crystals by PzR, PC and I-V 

measurements at different temperatures between 20 and 

300 K. In order to understand the doping effect on the 

optical response, we set up a versatile automatic 

measurement system to measure the photo responsivity at 

different bias voltages, light intensity and on/off frequency 

of the pumping laser.  

 

2. Results and discussions 

    Figure 1 shows the PzR spectra [2] of the undoped and 

Nb-doped WSe2 crystals measured at different temperatures 

between 20 and 300 K. In the spectra two main resonance 

features are observed and assigned to be A and B features, 

respectively. Comparing the transition energies of undoped 

with that of Nb-doped WSe2, we found the two direct 

transitions, which are located at 1.61 and 2.08 eV at 300 K 

for A and B features, respectively, do not have obvious 

change. This result demonstrated that the band structure, 

which corresponds to the lattice structure, does not have 

significant distortion due to the doping of niobium atoms.  

We carried out the temperature-dependent I-V 

measurements at different temperatures to determine the 

conductivity and Schottky barrier height ΦB. The results are 

shown in figure 2. In order to investigate the Schottky 

barrier height, it is common to use Arrhenius plot, i.e., 

ln(Ids/T
3/2) against 1000/T for various Vds. By fitting the 

data to each Vds, we obtained the slopes using S =  −
q

1000kB
 

(ΦB−
Vds

n
 ). Then by plotting the slopes as a function of Vds, 

the SBH could be extracted from the y-intercept S0 =

−
qΦB

1000kB
. The calculated results of the SBH for undoped and 

Nb doped WSe2 are 310 and 93 meV, respectively [3].  

Figure 3 presents the responsivity, which are extracted 

from PC measurements at frequency of 9 Hz, of undoped 

and Nb doped WSe2 [4]. In this figure, we can find that the 

indirect energy gap is 1.2 eV, where the energy gap of the 

exciton A is at 1.61 eV and the one of exciton B at 2.08 eV. 

It is worth to note that the responsivity of Nb doped WSe2 

is about ten times of undoped one at low light intensity 

level. Figure 4 indicated the frequency dependence of 

normalized responsivity, which is excited by a 652 nm 

wavelength laser operating at various frequencies between 

dc and 10 kHz. It is obvious that the frequency response 

can be separated into two regions and characterized by one 

short time constant and one long time constant. For 

undoped one, a half of the photo response is contributed by 

 PS-13-16
Extended Abstracts of the 2017 International Conference on Solid State Devices and Materials, Sendai, 2017, pp1037-1038

- 1037 -



short time constant (24 μs) response and the other half 

comes from long time constant response (8 ms). For 

Nb-doped one, short time constant (26 μs) part is 35 % 

and long time constant (4 ms ) part is 65 %.  

Figure 5 shows the result of photoresponsivity using Rλ 

= ΔIλ/(PλS), where ΔIλ is the photocurrent, Pλ is the power 

density and S is the area of the incident light. We found that 

the maximum photoresponsivities of Nb-doped and 

undoped are 1.075 A/W and 17.7 mA/W at 652 nm under 

1.58 mW/cm2 photo-illumination [5]. Furthermore, we used 

a 652 nm laser the photon energy of which is larger than the 

energy band gap to understand the effect of the sample's 

operating voltage on the photoresponsivity. The 

photocurrent values of niobium doped and undoped 

samples at different voltages were measured. The results 

shown in Fig. 6 indicated that the responsivity of undoped 

WSe2 increases with the bias voltage up to 250 V. And for 

the Nb doped sample the responsivity increases very fast as 

the bias voltage increases up to 25 V. We believe that could 

contribute from avalanche effect. 
 

 

 

 

 

 

 

 

 

 

 

Fig.1 Piezoreflectance (PzR) sprctra of (a) undoped WSe2 and (b) 

Nb-doped WSe2 at different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 (a) and (b) shows the I-V curves for undoped and Nb doped 

WSe2. (c) and (d) are the Schottky barrier height calculations 

corresponding to (a) and (b), respectively. 

 

 

 

 

 

 

 

 

 

Fig. 3 PC spectra for WSe2 undoped and WSe2 doped Niobium at 

frequency of 9 Hz. 

 

 

 

 

 

 

 

 

 

Fig. 4 Frequency response of photoconductivity and time constant 

fitting for WSe2 undoped and WSe2 doped Niobium. 

 

 

 

 

 

 

 

 

 

Fig. 5 Photoresponsivity of undoped and Niobium doped WSe2, 

the maximum photoresponsivities of undoped and Nb-doped are 

1.075 A/W and 17.7 mA/W. 

 

 

 

 

 

 

 

 

Fig. 6 Bias voltage-dependent of undoped and Niobium doped 

WSe2 . 

 

3. Conclusions 

   We have grown undoped and niobium doped WSe2 

crystals by CVT method and performed a series of optical 

and electrical studies by using IV, PzR, PC and 

Photoresponsivity measurements. In this study we found 

that the responsivity of the Nb doped WSe2 has been 

increased about Seventy times compared with the undoped 

WSe2, the resistivity and the Schottky barrier height are 

also significantly reduced. So we can obtain higher 

efficiency for doped WSe2 under the identical apply 

Voltage. 
 

References 

[1] J. P. Tailor, D. S. Trivedi, S. H. Chaki, M. D. Chaudhary, 

M. P. Deshpande, Materials Science in Semiconductor 

Processing 61, (2017) 11-16. 

[2] J. Kopaczek, M. P. Polak, P. Scharoch, K. Wu, B. Chen, S. 

Tongay, R. Kudrawiec, J. Appl. Phys 119, (2016) 235705. 

[3] B. Liu, L. Chen, G. Liu, A. N. Abbas, M. Fathi, & C. Zhou, 

Acs Nano, 8(5), (2014) 5304-5314. 

[4] N. R. Pradhan, C. Garcia, , J. Holleman, D. Rhodes, , C. 

Parker, S. Talapatra, et al. iopscience 2D Materials 3.4 

(2016). 

[5] N. R. Pradhan, J. Ludwig, Z. Lu, et al. arXiv preprint arXiv, 

1505 (2015) 05195. 

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5

20K

 

 


R

/R

Photon Energy (eV)

A
B

300K

WSe
2
 undoped

(a) (b) 

(a) 

-15 -10 -5 0 5 10 15
-6.0x10

-8

-4.0x10
-8

-2.0x10
-8

0.0

2.0x10
-8

4.0x10
-8

 

 

C
u
rr

e
n
t 
(A

)

Voltage (V)

 300K

 290K

 280K

 270K

4.4 4.5 4.6 4.7 4.8 4.9 5.0

-3.04

-3.02

-3.00

-2.98

-2.96

-2.94

-2.92

 

 

S
lo

p
e
 (

K
)

V
DS

 (V)

 WSe
2
 undoped

 Linear fit



=310meV

-20 -10 0 10 20

-1.0x10
-3

-5.0x10
-4

0.0

5.0x10
-4

1.0x10
-3

 

 

C
u

rr
e

n
t(

A
)

Voltage(V)

 300K

 290K

 280K

 270K

0.4 0.5 0.6 0.7 0.8 0.9 1.0
-1.05

-1.04

-1.03

-1.02

-1.01

-1.00

-0.99

 

 



= 93 meV

S
lo

p
e
 (

K
)

VDS (V)

 WSe
2
 doped Nb0.1%

  Linear fit

(b) 

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

0.0

2.0x10
-2

4.0x10
-2

6.0x10
-2

8.0x10
-2

1.0x10
-1

1.2x10
-1

Exciton A : 1.61 eV Exciton B : 2.08 eV

Exciton B : 2.08 eV

X10 

 

 

R
e

s
p

o
n

s
iv

it
y
 (

A
/W

)

Photon Energy (eV)

 Un-doped WSe2

 WSe2 doped Nb0.1%

Exciton A : 1.6 eV

0 2000 4000 6000 8000 10000
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

 

 

N
o

rm
a

ilz
e

d
  

P
h

o
to

c
u
rr

e
n
t 

(A
)

Frequency (Hz)

 WSe2 undoped

 WSe2 doped Nb0.1%

 

項目 K τ1 τ2 

WSe2 undoped 0.5 0.0079 2.35E-5 

WSe2 doped 

Nb 0.1% 

0.65 0.004 2.615E-5 

1.4 1.6 1.8 2.0 2.2 2.4

 

 


R

/R

Photon Energy (eV)

20K

300K

WSe
2
 doped Nb 0.1%A

B

(c) 

(d) 

0 50 100 150 200 250 300

0.00

0.05

0.10

0.15

0.20

0.25
 

 

R
e
s
p
o
n
s
iv

it
y
 (

A
/W

)

Bias Voltage (V)

 WSe
2
 undoped

 WSe
2
 doped Nb 0.1%

1E-7 1E-6 1E-5 1E-4 1E-3

0.005

0.01

0.015

0.02

0.025

0.03
 Un-doped WSe

2

 WSe
2
 doped Nb 0.1%

Power (W)

U
n
-d

o
p
e
d
 W

S
e

2
 R

e
s
p
o
n
s
iv

it
y
 (

A
/W

) 

0.01

0.1

1

0.01495 (A/W)

1.2 (A/W)

0.0173 (A/W)

0.0048 (A/W)

  
 W

S
e

2
 d

o
p

e
d

 N
b

 0
.1

%
 R

e
s
p

o
n

s
iv

it
y
 (

A
/W

)

 

- 1038 -


