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The effect of doping and diameter on the electrical properties of vapor-liquid-solid grown GaSb

nanowires was characterized using long channel back-gated lateral transistors and top-gated devi-

ces. The measurements showed that increasing the doping concentration significantly increases the

conductivity while reducing the control over the channel potential and shifting the threshold volt-

age, as expected. The highest average mobility was 85 cm2/V�s measured for an unintentionally

doped GaSb nanowire with a diameter of 45 nm, whereas medium doped nanowires with large

diameters (81 nm) showed a value of 153 cm2/V�s. The mobility is found to be independent of

nanowire diameter in the range of 36 nm–68 nm, while the resistivity is strongly reduced with

increasing diameter attributed to the surface depletion of charge carriers. The data are in good

agreement with an analytical calculation of the depletion depth. A high transconductance was

achieved by scaling down the channel length to 200 nm, reaching a maximum value of 80 lS/lm

for a top-gated GaSb nanowires transistor with an ON-resistance of 26 kX corresponding to 3.9

X.mm. The lowest contact resistance obtained was 0.35 X�mm for transistors with the highest dop-

ing concentration. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975374]

Semiconductor nanowires (NWs) are promising building

blocks for the next-generation nanoscale electronics due to

their good electrostatics enabling aggressive gate length scal-

ing.1–3 The nanoscale geometry of NWs may provide strain

accommodation through radial relaxation enabling high

lattice-mismatch heteroepitaxy on, e.g., Si substrates with

high crystal quality.4 While the synthesis, processing, and

applications of III–V materials have been studied for more

than a decade, research on III-Sb NWs has attracted a grow-

ing interest only recently.5–9 GaSb, in particular, is an

increasingly important material for a III–V p-channel metal-

oxide-semiconductor field-effect transistor (MOSFET) due

to its high hole mobility.10 However, the mobility is highly

dependent on the materials synthesis method and device

structure. It is therefore important to further study the impact

of, e.g., geometry and doping on the transport properties.

Diameter-dependent charge transport has been used to

characterize the impact of surface scattering on the carrier

mobility for both n- and p-type nanowires. The most com-

mon observed trend is a decrease in mobility due to the

stronger influence of surface scattering for smaller diame-

ters.11,12 However, there have also been reports that the

diameter has no impact on the mobility for InAs n-type NWs

with a diameter >40 nm.13 Apart from the diameter, doping

control, which allows for determining the threshold voltage

and reducing access resistances, is also crucial. The few

efforts devoted to charge transport in GaSb nanowires14 sug-

gest a necessity for additional detailed and systematic stud-

ies. In this work, we present a comparative study of the

influence of p-doping by (Zn) and nanowire diameter on the

transport properties of GaSb nanowires focusing on nano-

wires with the diameters of about 30–70 nm.

InAs/GaSb nanowires were grown using the vapor-liq-

uid-solid mechanism in the MOVPE system. Nanowires were

grown from Au seed particles with a thickness of 15 nm and

diameters of 24–32 nm patterned on the substrate consisted of

an InAs epitaxial layer on Si(111)15 by electron beam lithog-

raphy (EBL). The use of EBL enables accurate control of the

Au particle diameter and pitch, which is crucial for obtaining

uniform nanowire length and diameter. After annealing in

arsine at 500 �C, an InAs stem was grown for 10 min at

420 �C using trimethylindium (TMIn) and arsine with molar

fractions of XTMIn¼ 2.8� 10�6 and XArsine¼ 1.9� 10�4,

respectively. This is followed by an at least 1 lm long GaSb

segment grown for 35 min at 500 �C using trimethylgallium

(TMGa) and trimethylantimony (TMSb) with molar fractions

of XTMGa¼ 7.0� 10�5 and XTMSb ¼ 8.2� 10�5, respectively.

A resulting nanowire is depicted in Figure 1(a). Doping of

the NWs is performed in-situ by adding the controlled

amount of diethylzinc (DEZn) during the growth.

The ratio between the doping precursor and the group-

III precursor (Ga) flow is used as qualitative measure of the

doping level, where Zn was introduced at fractional molar

flow of DEZn/TMGa¼ 0.006, 0.03, and 0.06. The NWs

were then transferred onto a patterned Si chip (q¼ 0.01

X-cm) with 100 nm of thermally grown SiO2. Source and

drain contacts were defined on lateral NWs using electron

beam lithography and lift-off with a metal evaporation of

2 nm Pd/10 nm Zn/20 nm Pd/100 nm Au. Prior to evapora-

tion, the contact areas were ashed in oxygen plasma and wet-

etched for 8 s in HCl:H2O (1:10). To enable evaluation of the

contact resistance, some NWs were processed in a four-

terminal configuration. All the Si/SiO2 device chips have an

evaporated Ti (30 nm)/Au (120 nm) contact on the backside

to enable the use of the highly doped Si substrate as the

back gate. In order to fabricate top-gated devices, a window

for high-j dielectric was defined by EBL, followed bya)Aein.Shiri_Babadi@EIT.LTH.SE
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atomic layer deposition (ALD) and lift-off of 5 cycles of

trimethylaluminum (TMA), 4 cycles of Al2O3 and 40 cycles

of HfO2 at 100 �C. Finally, the gate electrode was formed

using EBL, evaporation, and lift-off of 30 nm Ni and 50 nm

Au. The gate was designed to fully overlap both the source

and drain contacts. This defines the complete active device

area with a high-j film and a top gate metal and eliminates

the parasitic resistances due to ungated NW segments. All

EBL patterning steps were performed using a single layer

PMMA (poly-methyl methacrylate). Figure 1 depicts the

SEM images of the contacted lateral single NW devices.

Electrical measurements were carried out at room tem-

perature in ambient atmosphere, under dark conditions. The

electrical properties of the GaSb NWs were first characterized

using the four-point measurements to evaluate the conductiv-

ity and the contact resistance. The measured resistivity, q, for

GaSb NWs grown with different DEZn flow is shown in

Figure 2(a). The not intentionally doped GaSb NWs studied

as reference showed a p-type resistivity of 0.44–1.8 X-cm,

while the resistivity was reduced to 0.008 X-cm by increasing

the DEZn/TMGa ratio to 0.06. The values for the nanowire

resistivity were obtained by approximating the nanowires

with a cylindrical geometry, q¼RpDNW
2/4L, where R is the

measured nanowire resistance for an NW with a diameter of

DNW and channel length L (Table I). The contact resistance

was obtained to be 0.2–0.4 kX (0.03–0.06 X�mm, normalized

to the nanowire circumference) for high-doped (DEZn/

TMGa¼ 0.06) and 15–28 kX (2–4 X�mm) for low-doped

(DEZn/TMGa¼ 0.006) doped NWs.

The transport properties were further evaluated by esti-

mating the hole carrier field-effect mobilities for devices in a

long channel (L¼ 0.4–1 lm) back-gated configuration. The

mobility in the low field region can be calculated by lh¼ dIDS

dVGS

� L
VDSCg

, where Cg is the gate capacitance per unit length and

VDS¼ 50 mV. The gate capacitance Cg is determined by the

series combination of oxide capacitance, Cox, and the nano-

wire capacitance, Cq. In the diameter range of this study, Cq

is expected to be sufficiently large so that Cg ffi Cox. Here,

Cox is the coupling capacitance between the GaSb NW chan-

nel and the back gate through the 100-nm-thick SiO2 gate

dielectric, which is determined using the results from a finite

element model (Comsol Multiphysics). The obtained mobil-

ity values are plotted versus nanowire diameters for different

doping concentrations in Figure 2(b). A hysteresis exists in

the transfer characteristics, which sets an upper and a lower

limit to the obtained mobility reported as average value for

the two gate voltage sweep directions. It is worth mentioning

that the contribution of the surface/interface states capaci-

tance, Cit, reduces the effective gate capacitance to Cg
eff

¼Cox(CqþCit)/(CoxþCqþCit), which consequently indicates

that the mobilities reported here from the field-effect transis-

tors should be considered as a lower limit. The mobilities

does not show any correlation with the nanowire doping

[Figure 2(b)], suggesting that ionized impurity scattering is

not the main limiting factor to the mobility.

To investigate how the carrier density and resistivity

depend on the size of a nanowire device, the resistivity was

measured for GaSb nanowires having a diameter ranging

from 36 nm to 81 nm grown with DEZn/TMGa¼ 0.03.

Figure 3(a) shows that the resistivity increases as the nano-

wire diameter decreases for the specific dopant concentra-

tion. In addition, a diameter-independent mobility was

obtained for these GaSb nanowires, as plotted in Figure 3(b).

Since the mobility is essentially independent of the diameter,

the change in the resistivity has to be due to a change in hole

density, p, since p¼ 1/qqlh. The extracted hole density

decreases drastically for DNW< 50 nm [Figure 3(c)], which

could be attributed to a stronger influence of a surface deple-

tion layer formed due to interface state/trapped charges16–18

or presence of a thin intrinsic, or even n-type, shell formed

due to oxygen absorption on GaSb.19

The radius of the conductive core (rC) in the NWs,

assuming a surface Fermi level pinning, can be obtained

from the full depletion approximation. From the Gauss law,

the surface potential, wðrNWÞ, is obtained as

w rNWð Þ ¼
qNa

2e0es
r2

c ln
rc

rNW
þ 1

2
r2

NW � r2
c

� �� �
; (1)

FIG. 2. (a) Measured resistivity of GaSb nanowires versus doping levels

(DEZn/TMGa ratios). The lines illustrate the variation of resistivity mea-

sured for several devices with the same DEZn/TMGa ratio. (b) Extracted

mobility as a function of nanowire diameter for various doping levels

(DEZn/TMGa ratio). The lines depict the upper and lower limit of mobility

obtained from VGS sweeps between �10 V and 10 V in the two sweep

directions.

FIG. 1. False colored SEM images of a representative (a) back-gated nano-

wire field-effect transistor and (b) a four probe back-gated device used for

the electrical transport measurements.

TABLE I. Summary of the transport properties of GaSb nanowires with dif-

ferent doping levels. The data is presented for individual nanowire devices

with long channel length L¼ 550–700 nm.

DEZn/TMGa DNWðnmÞ qGaSbðcmÞ lhðcm2=VsÞ pðcm�3Þ

0 47 1.8 74 4.6� 1016

0.006 42 0.084 57 1.3� 1018

0.03 50 0.012 71 7.0� 1018

0.06 48 0.0086 67 1.08� 1019
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where Na is the doping concentration. Assuming a Fermi

level pinning about u¼ 0.24 eV above the top of the valence

band, which is in line with the findings in Ref. 20, rC is

extracted from qw¼ 0.24þ (EV�Ef). Assuming a constant

mobility lh¼ 70 cm2/V�s from the field effect mobility

measurements in Figure 3(b) and a doping level Na¼ 1.2

� 1019 cm�3, the measured resistivity and effective carrier

concentration can be well reproduced, as shown in Figures

3(a) and 3(c). Na is chosen so that it represents an average

carrier concentration for many devices. The estimated deple-

tion width, rNW � rC, is about 6 nm for the nanowire diame-

ters considered here.

GaSb NW MOSFETs in top-gated configuration were

also characterized for NWs grown with various DEZn/TMGa

ratios and diameter range of 40 nm–50 nm. The drain current

as a function of gate voltage at fixed VDS¼ 50 mV and

500 mV, obtained for the NW FETs with low doping (DEZn/

TMGa¼ 0.006), is shown in Figure 4(a). A linear extrapola-

tion of threshold voltage for this device gives VT¼ 0.47 V that

becomes more positive for NW devices grown with higher

DEZn/TMGa ratio, as expected [Figure 4(b)]. For the investi-

gated channel lengths (L¼ 200, 400, and 700 nm), a linear

dependence of the device ON-resistances as a function of

channel length is observed [Figure 4(c)]. The contact resistance

was determined from linear extrapolation to be 0.35 X�mm

(2.3 kX) and 3.1 X�mm (21 kX) to high-doped (DEZn/TMGa

¼ 0.06) and low-doped (DEZn/TMGa¼ 0.006) doped NWs,

respectively, which is consistent with the contact resistances

obtained from four-point measurements. The normalized maxi-

mum transconductance is plotted as a function of channel

length for different doping and gate lengths in Figure 4(d). A

higher transconductance was achieved by scaling down the

channel length reaching a maximum value of 80 lS/lm at

200 nm L. The normalized drain current as a function of drain

voltage for different gate voltages is plotted in Figures

5(b)–5(d). The I–V characteristics are presented for the devices

with channel length, L¼ 200 nm. A too high doping combined

with too large nanowire diameter does not allow for channel

pinch off for DEZn/TMGa> 0.03. A larger gate modulation is

obtained for the NW devices grown with the lowest DEZn

flow (DEZn/TMGa¼ 0.006). However, the device shows a

lower peak gm and ION, which is attributed to a larger depletion

depth18,21 and an increase in contact resistances.

FIG. 3. Characterization of GaSb nanowires grown with DEZn/TMGa

¼ 0.03. (a) Extracted resistivity values from four-point measurements as a

function of nanowire diameter in comparison with calculated resistivity for

Na¼ 1.2� 1019cm�3 and lh¼ 70 cm2/V�s (b) Calculated mobility as a func-

tion of nanowire diameter. (c) Evaluated effective carrier concentration as a

function of nanowire diameter.

FIG. 4. (a) Transfer characteristics of a GaSb NW device with DEZn/TMGa

¼ 0.006 at VDS¼ 50 mV and VDS ¼ 500 mV, (b) VT, (c) ON-resistance and

(d) the normalized maximum transconductance as a function of gate length,

Lg, for device with various doping.

FIG. 5. (a) Schematic and SEM image of the top-gated GaSb FETs. Device

output characteristics normalized for NWs circumference for various GaSb

doping level with DEZn/TMGa ratio of (b) 0.006, (c) 0.03, and (d) 0.06. I-V
characterization measured at room temperature for the top-gated GaSb FETs

with channel length, L¼ 200 nm. VGS is changed in steps of 0.6 V from

VGS¼�2 V up to VGS¼ 2 V. The lowest subthreshold swing was measured

to be 820 mV/dec for GaSb nanowire with DEZn/TMGa¼ 0.03. The NW

diameter for each device was directly obtained from SEM analysis.

053502-3 Babadi et al. Appl. Phys. Lett. 110, 053502 (2017)



To summarize, we have investigated the effects of vari-

ous doping profiles on the transport properties of GaSb nano-

wires. Our measurements show that increasing the doping

during the growth of GaSb NWs increased the conductivity.

The average room temperature field-effect mobility from

long channel back-gated devices is 85 cm2/V�s for uninten-

tionally doped nanowires with DNW¼ 45 nm. A peak mobil-

ity of 153 cm2/V�s was measured for a medium doped

nanowire with a larger diameter of DNW¼ 81 nm. In addi-

tion, mobility is shown to be independent of nanowire diam-

eter for the diameters in the range of 36 nm–68 nm. A high

transconductance was achieved by scaling down the channel

length reaching a maximum value of 80 lS/lm at 200 nm L
for a top-gated GaSb nanowire transistor. The lowest contact

resistance obtained was 0.35 X�mm for transistors with the

highest doping concentration. In conclusion, our results high-

light the importance of nanowire geometry and doping that

are crucial for the further optimization of GaSb

p-MOSFETs.

This work was supported in part by the Swedish

Foundation for Strategic Research (SSF) and in part by the

European Union (EU) through the H2020 Program

INSIGHT under Grant Agreement No. 688784. The authors

would like to thank Claes Thelander for providing the

LabView program used to design the devices.

1H. Riel, L.-E. Wernersson, M. Hong, and J. A. del Alamo, MRS Bull.

39(08), 668–677 (2014).

2J. Svensson, A. W. Dey, D. Jacobsson, and L.-E. Wernersson, Nano Lett.

15(12), 7898–7904 (2015).
3K. Tomioka and T. Fukui, J. Phys. D: Appl. Phys. 47(39), 394001 (2014).
4F. Glas, Phys. Rev. B 74(12), 121302 (2006).
5B. M. Borg and W. Lars-Erik, Nanotechnology 24(20), 202001 (2013).
6M. Jeppsson, K. A. Dick, H. A. Nilsson, N. Sk€old, J. B. Wagner, P. Caroff,

and L.-E. Wernersson, J. Cryst. Growth 310(23), 5119–5122 (2008).
7Z.-X. Yang, F. Wang, N. Han, H. Lin, H.-Y. Cheung, M. Fang, S. Yip, T.

Hung, C.-Y. Wong, and J. C. Ho, ACS Appl. Mater. Interfaces 5(21),

10946–10952 (2013).
8Z.-X. Yang, N. Han, M. Fang, H. Lin, H.-Y. Cheung, S. Yip, E.-J. Wang,

T. Hung, C.-Y. Wong, and J. C. Ho, Nat. Commun. 5, 5249 (2014).
9X. Weng, R. A. Burke, E. C. Dickey, and J. M. Redwing, J. Cryst. Growth

312(4), 514–519 (2010).
10A. W. Dey, J. Svensson, B. M. Borg, M. Ek, and L.-E. Wernersson, Nano

Lett. 12(11), 5593–5597 (2012).
11A. C. Ford, J. C. Ho, Y.-L. Chueh, Y.-C. Tseng, Z. Fan, J. Guo, J. Bokor,

and A. Javey, Nano Lett. 9(1), 360–365 (2009).
12Z.-X. Yang, S. Yip, D. Li, N. Han, G. Dong, X. Liang, L. Shu, T. F. Hung,

X. Mo, and J. C. Ho, ACS Nano 9(9), 9268–9275 (2015).
13M. Scheffler, S. Nadj-Perge, L. P. Kouwenhoven, M. T. Borgstr€om, and

E. P. A. M. Bakkers, J. Appl. Phys. 106(12), 124303 (2009).
14B. M. Borg, M. Ek, B. Ganjipour, A. W. Dey, K. A. Dick, L.-E.

Wernersson, and C. Thelander, Appl. Phys. Lett. 101(4), 043508 (2012).
15G. Sepideh, J. Sofia, B. M. Borg, L. Erik, A. D. Kimberly, and W. Lars-

Erik, Nanotechnology 23(1), 015302 (2012).
16M. T. Bjork, H. Schmid, J. Knoch, H. Riel, and W. Riess, Nat.

Nanotechnol. 4(2), 103–107 (2009).
17V. Schmidt, S. Senz, and U. G€osele, Appl. Phys. A 86(2), 187–191 (2006).
18B. S. Simpkins, M. A. Mastro, C. R. Eddy, and P. E. Pehrsson, J. Appl.

Phys. 103(10), 104313 (2008).
19W. Xu, A. Chin, L. Ye, C. Z. Ning, and H. Yu, J. Appl. Phys. 111(10),

104515 (2012).
20R. Kudrawiec, H. P. Nair, M. Latkowska, J. Misiewicz, S. R. Bank, and

W. Walukiewicz, J. Appl. Phys. 112(12), 123513 (2012).
21V. V. Dobrokhotov, D. N. McIlroy, M. G. Norton, and C. A. Berven,

Nanotechnology 17(16), 4135 (2006).

053502-4 Babadi et al. Appl. Phys. Lett. 110, 053502 (2017)

http://dx.doi.org/10.1557/mrs.2014.137
http://dx.doi.org/10.1021/acs.nanolett.5b02936
http://dx.doi.org/10.1088/0022-3727/47/39/394001
http://dx.doi.org/10.1103/PhysRevB.74.121302
http://dx.doi.org/10.1088/0957-4484/24/20/202001
http://dx.doi.org/10.1016/j.jcrysgro.2008.07.061
http://dx.doi.org/10.1021/am403161t
http://dx.doi.org/10.1038/ncomms6249
http://dx.doi.org/10.1016/j.jcrysgro.2009.11.035
http://dx.doi.org/10.1021/nl302658y
http://dx.doi.org/10.1021/nl302658y
http://dx.doi.org/10.1021/nl803154m
http://dx.doi.org/10.1021/acsnano.5b04152
http://dx.doi.org/10.1063/1.3270259
http://dx.doi.org/10.1063/1.4739082
http://dx.doi.org/10.1088/0957-4484/23/1/015302
http://dx.doi.org/10.1038/nnano.2008.400
http://dx.doi.org/10.1038/nnano.2008.400
http://dx.doi.org/10.1007/s00339-006-3746-2
http://dx.doi.org/10.1063/1.2932072
http://dx.doi.org/10.1063/1.2932072
http://dx.doi.org/10.1063/1.4720080
http://dx.doi.org/10.1063/1.4770413
http://dx.doi.org/10.1088/0957-4484/17/16/024

