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Combined thermoelectric-resistivity measurements and micro-Raman experiments have been

performed on single heavily Si-doped GaN wires. In both approaches, similar carrier

concentration and mobility were determined taking into account the non-parabolicity of the

conduction band. The unique high conductivity of Si-doped GaN wires is explained by a

mobility l¼ 56 cm2�V�1�s�1 at a carrier concentration n¼ 2.6� 1020 cm�3. This is attributed to

a more efficient dopant incorporation in Si-doped GaN microwires as compared to Si-doped

GaN planar layers.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4829857]

Wire-based devices are promising candidates towards

improved electronics and opto-electronics applications. Due

to its direct wide band gap (�3.4 eV), GaN is the material of

choice for optoelectronics applications. In recent years,

GaN-based wires have thus attracted considerable interest

because of desirable intrinsic properties such as small foot-

print, increased active region area in core-shell structures,

and improved strain relaxation.1–3 Similar to the planar

epitaxial case, control of doping is essential to obtain high-

performance wire-based devices. Localized large carrier con-

centrations are, for example, required in wire-based devices

to decrease series resistances and to improve current injec-

tion schemes into the wires. The knowledge of the electrical

properties (carrier concentration and mobility) in wire-based

semiconductor devices is therefore crucial and is obtained

primarily by measuring wires at the single-wire level.

Even in this configuration, access to the mobility and

carrier concentration as generally measured by Hall-effect

measurements in thin films remains a challenge in wires.

Although Hall-effect measurement has been recently

reported in nanowires,4–6 the measurement and its analysis

might be demanding in highly-doped GaN wires since the

measured Hall voltage is inversely proportional to the carrier

concentration and depend on the contact geometry on the

microwire. Field-effect transistor provides another helpful

configuration in order to evaluate the carrier concentration in

single low-doped wires. The highly doped material and the

microscale of our Si-doped GaN wires have prevented its

use. Furthermore, the accuracy of this approach relies on the

difficult estimate of both the gate capacitance and interface

charges.

In a previous work,7 we reported the very low resistivity

of single heavily Si-doped GaN wires but a complementary

characterization technique was found to be necessary in order

to explain quantitatively this particular behavior. In this Letter,

we report on the measurement of carrier concentration and

mobility in single Si-doped GaN microwires grown by

catalyst-free metal-organic vapour phase epitaxy (MOVPE).

These highly conductive Si-doped GaN wires were studied

by means of thermoelectrical measurements and compared

to local optical experiments. First, combined resistivity-

thermoelectric measurements were used to determine both the

carrier concentration and the mobility. Second, confocal

micro-Raman experiments on non-intentionally doped (NID)

and Si-doped GaN wires were compared. From this compari-

son, the lower branch of the coupled phonon-plasmon of the

Si-doped GaN wires was simulated in order to obtain locally

both the carrier concentration and the microscopic mobility.

The agreement between the results from the two techniques is

highlighted. Finally, the unique high conductivity of Si-doped

GaN wires is discussed.

Si-doped wurtzite GaN wires with radius r around 1 lm
(defined as hexagon side length) and length l¼ 20 lm were

grown using catalyst-free MOVPE3,8,9 on N-polar GaN

freestanding substrates. Wires were grown along [000�1]
(N-polarity)8 at 1000 �C using trimethylgallium and ammo-

nia precursors, while silane was used as a low-cost precur-

sor to achieve intentional n-type doping. Combined

thermoelectric-resistivity measurements were performed on

single Si-doped GaN wires. Resistivity q combines the

effect of carrier concentration n and mobility l through the

expression q ¼ 1=ðe� n� lÞ, where e is the electronic

charge. Thermoelectric measurements are well adapted to

doped semiconductors as they are based on majority carrier

distribution asymmetry at the Fermi level and allow to

probe small changes in the scattering rate and the density of

states at Fermi level.10 For degenerate semiconductors,

thermoelectric measurements have proven to be an effec-

tive approach to probe directly the carrier concentration in

nanowires.11–14 In GaN wires, no study has however com-

bined thermoelectric measurements with resistivity meas-

urements in order to determine both the mobility and the

carrier concentration.

In order to perform these two measurements on our

microscale Si-doped GaN wires, a specific e-beam lithography
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setup has been used to connect single microwires using elec-

tron beam lithography assisted with CL mapping.15 First,

wires were mechanically dispersed on a 500 nm (thermally

grown) SiO2/Si wafer and buried under a 2 lm-thick photo-

resist. Blind exposure and subsequent partial development

allowed uncovering the top facet of every wire. The obtained

quasi-flat surface facilitates e-beam lithography. Then, an

e-beam resist was spun onto the wafer, and wires were

located under this resist using their CL signal and eventually

exposed according to the lithography pattern. Finally, con-

tact electrodes were obtained by evaporation of Ti/Al

(30 nm/240 nm) and subsequent lift-off.

Figure 1(a) shows a field-emission scanning electron

microscope (FESEM) picture of a wire after completion of

the process steps for thermoelectric-resistivity measure-

ments. In the four-probe configuration, a current Is is sourced

through the outer metallic electrodes located on the wire,

while the voltage drop V4P between the inner electrodes is

measured. The resistivity q is then calculated using the equa-

tion: q¼ (V4P�A)/(Is�L), where L is the distance between

the two inner electrodes and A ¼ 3
ffiffiffi
3

p
=2� ðrÞ2. A typical

IV curve obtained in four-probe configuration is plotted in

Figure 1(b) and the measured resistivity values for the two

investigated Si-doped wires are reported in Table I.

Figure 1(a) also depicts the configuration to perform

thermoelectric measurements in the same region as for resis-

tivity measurements, with a microfabricated heater and two

sets of thermometers (Th. 1 and 2) which simultaneously

serve as electrodes for electrical measurements. The sourcing

of a current Ih in the heater creates a thermal gradient DT
along the structure with isothermal lines parallel to the heater

line. DT was quantified by probing the change in four-probe

resistivity of the “thermometer” metallic lines which have

been calibrated using a well-controlled heater system. The

generated thermoelectric voltage Vth across the two ther-

mometers was measured as reported in Figure 1(c). Joule

heating from the heater is responsible for the generated Vth

as shown by the almost quadratic variation of Vth versus Ih
(power coefficient is 2.1–2.6). Neglecting the Seebeck coef-

ficient of the metal contacts, the Seebeck coefficient S for

GaN simply writes S ¼ � Vth

DT.

As shown in Figure 2(a), Vth scales linearly as a function

of DT whose value is tuned by the heating electric current.

Seebeck coefficients equal to �58 7 3 lV/K (wire #2) and

�22 7 1 lV/K (wire #1) are found for the two studied wires.

The negative sign of the Seebeck coefficient indicates that

electron diffusion dominates and demonstrates that Si-doped

GaN wires are effectively n-type semiconductors. In the

framework of Boltzmann’s transport theory, the semiclassi-

cal Mott relation can be used to evaluate the carrier concen-

tration in degenerate semiconductors.10 A derivation taking

into account an energy-dependent relaxation time and the

non-parabolicity of the conduction band was described as16

S ¼ �
8� p�

�
p
3

�5=3

� kb
2 � T

jej � h2
� 1

n2=3

� m� � ðsþ 1� kÞ½ �E¼Ef ; (1)

FIG. 1. (a) FESEM image of a connected Si-doped GaN microwire for com-

bined thermoelectric-resistivity measurements. Scale bar: 5 lm. Inset:

Schematic of the contact geometry. (b) Four-probe current-voltage charac-

teristic of the Si-doped GaN wire #2. (c) Thermoelectric voltage in the Si-

doped GaN wire #1 as a function of the heater current.

TABLE I. Resistivity q (mX�cm), Seebeck coefficient S (lV�K�1), carrier

concentration n (cm�3), and mobility l (cm2�V�1�s�1) for two Si-doped

GaN wires.

Wire Doping q S n l

#1 Si 0.43 �227 1 2.6� 1020 56

#2 Si 1.5 �58 7 3 6� 1019 69

FIG. 2. (a) Thermoelectric voltage versus generated temperature difference DT
in the Si-doped GaN wire #2 showing a linear behavior. (b) Seebeck coefficient

versus carrier concentration in n-GaN for two Si-doped wires. (c) Mobility as a

function of carrier concentration in n-doped GaN. Experimental mobilities are

reported for n-GaN films grown by MOVPE (empty symbols), and MBE (full

symbols) with either silicon doping22–26 (black symbols) or germanium

doping25–27 (gray symbols) and for two Si-doped GaN wires (red symbols).

Isoresistivity line for the experimental value of the most conductive Si-doped

GaN microwire from Ref. 7 is reported. Results from micro-Raman experiments

are illustrated by the blue area.
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with s being the scattering parameter associated with the domi-

nant scattering mechanism and k ¼ 3� n
m� � dm�

dn
being the

effect of the non parabolicity of the conduction band.16 The

non-parabolicity is included by using the momentum effective

mass17 m� Eð Þ ¼ m0
� 1þ 2M1Eþ 3M2E

2 þ 4M3E
3½ � with m0*

¼ 0.183m0 (m0 as the electron mass), M1¼ 0.177, M2¼
�0.0169, and M3¼ 0.460. Ionized impurity scattering is known

to be the main scattering mechanism for heavily doped GaN

material.18 In order to calculate the value for the scattering pa-

rameter s, Brooks–Herring theory19 for ionized impurity scatter-

ing was employed. The effect of the non-parabolicity and the

multi-ion screening correction20 were included in the model.21

Figure 2(b) shows the calculated Seebeck coefficient as

a function of the carrier concentration. It can be inferred that

n¼ 2.6� 1020 cm�3 for wire #1 and n¼ 6� 1019 cm�3 for

wire #2 corresponding, respectively, to l¼ 56 cm2�V�1�s�1

and l¼ 69 cm2�V�1�s�1. This analysis can be compared to

Ref. 11 where the authors assume energy-independent scat-

tering and a constant effective mass. As an example,

Seebeck coefficient S¼ 35 lV/K leads in our analysis to

n¼ 1.26� 1020 cm�3 as compared to n¼ 7� 1019 cm�3 in

their work. Given the microscale of the studied wires, one

can compare the mobility dependence on carrier concentra-

tion for GaN films with the one measured in GaN wires.

Experimental data for n-GaN films22–27 with different

growth methods (MOVPE and MBE) and different dopant

atoms (Si and Ge) are thus reported in Figure 2(c), and their

comparison with GaN wires will be discussed later.

Combined thermoelectric-resistivity measurements

allow probing the carrier concentration and mobility in the

Si-doped GaN wires, but this approach requires time-

consuming technological work on a single wire. In order to

confirm the measured electrical properties, local micro-

Raman experiments have been performed on single standing

Si-doped and NID GaN wires. Confocal micro-Raman with a

spatial resolution around 1 lm3 has long been used in planar

n-doped GaN material in order to study strain28,29 and dop-

ing properties (mainly carrier concentration).29–33

For micro-Raman measurements, a microscope

equipped with a �100 objective (numerical aperture NA 0.9)

was used both to focus the laser light at 514.5 nm (power

below 1 mW) on the sample and to collect the backscattered

light into a Jobin–Yvon 64000 spectrometer equipped with a

nitrogen-cooled detector. According to group theory for the

wurtzite structure, the predicted zone-center optical modes

are A1(z)þ 2B1þE1(x,y)þ 2E2. The A1, E1, and the two E2

are Raman active, while the two B1 modes are optically

silent. Additionally, the polar nature of A1 and E1 modes

result in the splitting of these modes into longitudinal optical

(LO) and transverse optical (TO) components: A1(LO,TO)

and E1(LO,TO). In the classical Porto notation, the scattering

configuration was z x;�ð Þ�z (z is parallel to the c-axis).

Contrary to the transport measurement, the results were

obtained on as grown “vertical” wires, not on “horizontal”

wires dispersed onto a foreign substrate. According to the

Raman selections rules in this configuration, only the two E2

(high and low) and the A1(LO) modes should be observed.

They were analyzed in order to evaluate the structural qual-

ity and the carrier concentration and mobility in the GaN

wires.

Figure 3(a) shows typical Raman spectra for standing NID

and Si-doped GaN wires. First, selection rules are not

respected in any of the two samples, as illustrated by the pres-

ence of E1 (TO) at 558 cm�1. The particular wire tip shape

might alleviate the selection rules by allowing internal reflec-

tions. In both wires, E2 (high) is clearly visible and peaks at

567 cm�1. The position of E2 (high) is that of its relaxed bulk

value29 indicating relaxed GaN material in wires even for high

silicon-doping. The width of the E2 (high) peak is 4.2 cm
�1 for

the Si-doped wires and 3.8 cm�1 for the NID wires. It is well

established that in doped polar semiconductors, when the plas-

mon frequency approaches the LO phonon frequency, their

macroscopic electric fields strongly interact. This leads to the

formation of two coupled LO phonon-plasmon modes (LPPs),

the lower branch labeled LPP� and the higher LPPþ. The

simulation of these peaks provides a direct insight into the

carrier concentration and the mobility of the material. The

LPPþ is observed at 739 cm�1 in the case of the NID GaN in

Figure 3(a). In a low-doped material such as the NID wires,

the phonon-plasmon coupling manifests itself only in the

LPPþ and thus the peak observed at 533 cm�1 can be attrib-

uted to A1 (TO).

In the NID wires, the observed E1(TO)-A1(TO) split-

ting is 25 cm�1 which is close to the reported bulk value of

25 to 29 cm�1.28,31 Therefore, the intermixing between the

A1 and E1 modes in the wires is small and cannot explain

the violation of Raman selection rules in the backscattering

geometry for the wires. It can be concluded that the

observed LPPþ mode is due to LO phonons of A1 symme-

try. The LPPþ peak position (739 cm�1) was attributed to

regions with low carrier concentration around 2–3

� 1017 cm�3 using a reported correlation.32

In the highly conductive Si-doped GaN wires, no LPPþ
peak could be resolved in the spectral range of 735–4000 cm�1,

probably because of a large plasmon damping. For a

FIG. 3. (a) Raman spectra for a NID GaN wire (black line) and a Si-doped

GaN wire (red line). Inset shows a schematic view of the micro-Raman

experiment. (b) Raman spectra showing three simulations of the LPP� cor-

responding to three sets of the free parameters (carrier concentration and

mobility). Set #3 corresponds to parameters measured for wire #1. (c) Color-

coded map of the deviation between simulation and experiment with open

symbols corresponding to fits in (b).
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thorough evaluation of both the carrier concentration n and

the mobility l in the Si-doped wires, a line-shape simulation

of the LPP� was used where both the contribution of the de-

formation potential and the electro-optical mechanisms were

taken into account.34 The Raman scattering efficiency is then

described as I wð Þ / ½1;C;C2� � Imð 1
eðxÞÞ and e xð Þ ¼ e1

� 1þ x2
LO�x2

TO

x2
TO

�x2�icx � x2
P

x2þicPx

� �
; where e(x) is the dielectric

function, x is the Raman shift, e1¼ 5.35 is the value of high

frequency dielectric constant of GaN,35 C¼�5.2 is the

Faust–Henry coefficient for hexagonal GaN,36,37

xLO¼ 735 cm�1 is the A1(LO) frequency,28 c¼ 6 cm�1 is

the phonon damping constant33 and xTO¼ 533 cm�1 is the

A1(TO) frequency as obtained from the NID wire spectrum.

The plasma frequency xp and plasmon damping constant

cP are linked to the electrical properties (carrier concentra-

tion and mobility) by xP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pe2�n

m�ðEfÞ�e1

q
and cP ¼ e

m�ðEfÞ�l�c

with m*(Ef) as the effective mass taking into account the

non parabolicity of the conduction band at the Fermi level.

The carrier concentration and the mobility are thus the only

free parameters of the simulation. In order to illustrate this

approach, Figure 3(b) shows three simulations (fits 1–3) cor-

responding to the three sets of free parameters (carrier con-

centration and mobility) defined in Figure 3(c). Fit #3

corresponds to parameters obtained from the combined

thermoelectric-resistivity measurements on wire #1 while fit

#2 reflects the best agreement with the Raman experiment.

The deviation between the model and the experiment was cal-

culated using a mean squared error method over a wide range

of carrier concentrations and mobilities and the result is illus-

trated in Figure 3(c) as an error color map. It provides a

two-dimensional mobility-carrier concentration space to esti-

mate the most likely combination of carrier concentration and

mobility. The best fit of the LPP� was obtained using a carrier

concentration and a mobility around n¼ 2.1� 1020 cm�3 and

l¼ 65 cm2�V�1�s�1. The uncertainty around these values can

be quantified by defining a best-fit region in Figure 3(c). The

best-fit region of the micro-Raman study is shown in Figure

2(c) to range from n¼ 1.77� 1020 cm�3 (l¼ 77 cm2�V�1�s�1)

to n¼ 2.7� 1020 cm�3 (l¼ 44 cm2�V�1�s�1). This agrees well

with values inferred from combined thermoelectric-resistivity

measurements for wire #1. Although less precise than the ther-

moelectric approach, this indicates that micro-Raman spectros-

copy provides a non-contact and non-destructive probe for

carrier concentration and mobility determination in standing

wires based on polar material.

The mobility measured for the Si-doped wire #1 and a

wire resistivity (q¼ 0.37 mX�cm) from our previous work7

are reported in Figure 2(c) as red symbols and lines and can

be compared to literature on n-GaN films where data for Ge-

doped GaN are reported with gray symbols and data for

Si-doped films with black symbols. Since isoresistivity lines

are parallel to the red line showing q¼ 0.37 mX�cm, Figure

2(c) highlights the superiority of Ge doping with respect to

Si doping in planar epitaxial layers. This was explained by a

structural degradation in Si-doped GaN films where tensile

strain induced cracks appear from carrier concentration

n¼ 1–2� 1019 cm�3. These cracks hampered the electrical

measurements and the use of conventional Ga-polar

Si-doped films with carrier concentration larger than around

1020 cm�3.25 The wire geometry and the N-polarity might

help to explain why the measurement is possible in these

wires, as opposed to planar layers of same doping level.38

The unique conductivity in microwire #1 was explained

by a combination of a mobility l¼ 56 cm2�V�1�s�1 with

a large carrier concentration n¼ 2.6� 1020 cm�3. The

closest reported measurement in GaN:Si layers has a

carrier density n¼ 2.4� 1020 cm�3 with a decreased

mobility l¼ 9 cm2�V�1�s�1 ascribed to self-compensation

phenomenon.22 However, the impact of cracks on the

measured carrier density and mobility is not known in the

latter sample. Our measurements show that dopant incorpo-

ration is more efficient at this high carrier concentration in

Si-doped wire-based devices as compared to conventional

epitaxial Si-doped layers. The improved mobility could be

explained by a lower compensation in the wires or by the

presence of some additional scattering mechanisms in planar

layers with cracks. The comparison between electrical

measurements and Si atoms density measurements would

help to clarify the compensation in the wires. Conductivity

values for Si-doped GaN wires are comparable to the con-

ductivity of Ge-doped layers. The mobility in these GaN

microwires is not decreased by strong surface-related

effects, as often reported on highly-doped GaN nanowires.39

To summarize, carrier concentration and mobility have

been evaluated by two approaches in the same region of Si-

doped GaN microwires grown by catalyst-free MOVPE. In a

first approach, combined thermoelectric-resistivity measure-

ments were carried out while in a second approach, local

micro-Raman experiments were performed. Both approaches

were found to give similar results with a carrier concentra-

tion n¼ 2.6� 1020 cm�3 and a mobility l¼ 56 cm2�V�1�s�1.

A more efficient dopant incorporation in Si-doped GaN wires

as compared to Si-doped films is shown to be responsible for

the high conductivity, with values comparable to Ge-doped

films. Such a high conductivity demonstrates the technologi-

cal potential of microwires and paves the way to more effi-

cient current injection schemes and improved series

resistances in wire-based devices.
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