
Supporting Information : Non-contact measurement

of charge carrier lifetime and mobility in GaN

nanowires

Patrick Parkinson,∗,† Christopher Dodson,‡ Hannah J. Joyce,¶ Kris A. Bertness,‡

Norman A. Sanford,‡ Laura M. Herz,¶ and Michael B. Johnston∗,¶

Electronic Materials Engineering, Research School of Physics and Engineering, The Australian

National University, Canberra, ACT, 0200, Australia, Optoelectronics Division, National Institute

of Standards and Technology, Boulder, CO, USA, and University of Oxford, Department of

Physics, Clarendon Laboratory, Parks Road, Oxford, OX1 3PU, United Kingdom

E-mail: patrick.parkinson@anu.edu.au; m.johnston@physics.ox.ac.uk

Bulk optical parameters for GaN

The terahertz frequency absorption and refractive index of reference semi-insulating c-plane GaN

(purchased from Kyma Technologies inc.) is shown in Figure 1. It can be seen that our reference

sample has little terahertz-frequency absorption and a frequency-independent refractive index of

3±1%.
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Figure 1: The equilibrium (non-photoexcited) refractive index n and absorption α of the bulk GaN
sample for THz electric-field aligned along two crystal orientations, [1110] and [1120] represented
as blue squares and green diamonds respectively.
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Power dependent carrier lifetime in bulk GaN
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Figure 2: The normalised fluence-dependent carrier lifetime in bulk GaN (points). Lines are a
monoexponential-fit to the data. The inset figure shows the variation in extracted carrier lifetime
with incident laser power.

The power-dependent photoconductivity lifetime was measured for the bulk GaN sample for

illumination of 2 mJ/cm2 to 10 mJ/cm2. Note the increasing lifetime with increasing fluence (di-

rected along the arrow), which may arise due to trap saturation. The inset shows the mono-

exponential carrier lifetime extracted from an offset exponential fit to the data (dashed lines on

main plot). The dashed line in the inset is a guide to the eye.
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Extracting photoconductivity

This section outlines how photoconductivity, ∆σ , is extracted from our measurement of ∆T
T . We

consider the nanowires to be confined within a layer of thickness, δ , occupying a fraction, fw, of

this layer, and surrounded by vacuum. Using SEM images of the measured sample, we determined

δ and fw. With these values we can convert the measured ∆T
T to ∆σ using

∆σ = ε0 (A−1)
[

2c
δ

− iω (1+ εw)

]
, (1)

and

A =
1

1
fw

∆T
T +1

. (2)

where ω is the frequency, c is the speed of light in vacuum, ε0 is the permittivity of free space and

εw is the static dielectric constant of GaN without photoexcitation.

Equations (1) and (2) were derived considering Eon and Eoff, which are respectively the trans-

mitted electric fields with and without the optical pump. These are defined as

Eon = fwEw∗ +(1− fw)Ev (3)

Eoff = fwEw +(1− fw)Ev, (4)

where Ew and Ev are the transmitted terahertz electric fields through the nanowires and the sur-

rounding vacuum, respectively, and * indicates a photoexcited state. Combining Equations (3) and

(4) gives
Ew∗

Ew
=

∆T
T

[
1+
(

1
fw

−1
)

Ev

Ew

]
+1, (5)

where ∆T = Eon −Eoff and T = Eoff. The terahertz experiment directly measures ∆T
T where ∆T is

the photoinduced change in terahertz probe transmission and T is the terahertz probe transmission

in the absence of photoexcitation.
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At terahertz frequencies the thin film limit is valid because nωδ

c � 1. In the thin film limit we

can make the approximation Ev
Ew

= 1. Using this approximation and rearranging Equation (5), we

define parameter A as

A =
Ew

Ew∗
=

1
1
fw

∆T
T +1

, (6)

as in Equation (2).

The electric fields Ev, Ew and Ew∗ may then be written as

Ev = einvωδ/cEi (7)

Ew = tvwtwveinwωδ/cFPvwvEi (8)

Ew∗ = tvw∗tw∗veinw∗ωδ/cFPvw∗vEi, (9)

where FPi jk are the Fabry-Pérot terms, ti j are the Fresnel transmission coefficients, and nw∗ and nw

are the refractive indices of nanowires with and without photoexcitation, respectively. Substituting

the appropriate forms of FPi jk and ti j into Equations (7) to (9) and applying the thin film limit

einωδ/c = 1+ inωδ/c gives

Ew∗

Ew
=

2− iωδ

c (1+n2
w)

2− iωδ

c (1+n2
w∗)

. (10)

Using the relation ε = n2 in Equation (10), and rearranging, gives

εw∗ =

[
− Ew

Ew∗

(
2

c
iωδ

− (1+ εw)
)
+2

c
iωδ

−1
]
, (11)

where εw∗ and εw are the dielectric constants of the nanowires with and without photoexcitation,

respectively. The photoinduced conductivity, ∆σ , is given by

εw∗ = εw +
i∆σ

ωε0
. (12)
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Substituting Equation (11) into Equation (12) gives Equation (1) for ∆σ in terms of the measured

signal ∆T
T .

Modelling photoconductivity spectra

For an arbitrary mobility model, considering a single charge carrier species, the frequency-dependent

change in free-carrier conductivity upon photoexcitation of a semiconductor may be represented

as:

∆σ(ω) = (Neq +∆N)eµ
(
ω,Neq +∆N

)
−Neqeµ

(
ω,Neq

)
, (13)

where ∆N and Neq are the photogenerated charge density and equilibrium (background) charge

density, respectively, and µ is the carrier mobility – a function of the frequency and instantaneous

carrier density. For the case of the Drude model, the mobility is not a strong function of carrier den-

sity, with the exception of very-high-excitation density where scattering rates may be dominated

by carrier-carrier scattering. However, when a plasma or plasmonic resonance is considered, the

mobility has a peak (and zero-crossing in the imaginary component) at a non-zero frequency set

by the carrier density, and hence a strong carrier-density dependence. In our model,1,2 the photoin-

duced change in conductivity is attributed to a combination of surface plasmonic and free-carrier

(Drude-like) components, with each component given by

σDrude(ω,N,Γ) =
iNe2ω

m∗ (ω2 + iωΓ)
(14)

σPlasmon(ω,N,Γ) =
iNe2ω

m∗
(

ω2 −ωPL (N)2 + iωΓ

) , (15)

where m∗ is the effective mass of the carriers (set to 0.23me
3–5). The plasmon frequency ωPL(N) is

given by
√

f Ne2/m∗εr, with f being a geometrical factor equal to 1/2 for the case of a cylinder,6

and where εr is the electric permittivity of the material (set to 9.47).

It is important to note that owing to the small diameter of the nanowires (∼0.3 µm) compared
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with the wavelength of THz light (∼300 µm), surface plasmons are excited in nanowires from THz

photons propagating in free-space via subwavelength scattering.8

The data presented in Figure 3 of the main text may be fitted by combining Equations (13) to

(15). The equilibrium carrier density is set at 1× 1017 cm−3, as determined by Raman measure-

ments on a sample from the same growth run.9 As the photogenerated carrier density is expected

(and measured) to be lower than this, the introduction of extra carriers represents a small perturba-

tion, and the carrier scattering rate Γ may be fixed for both equilibrium and photoinjected carriers.

The equilibrium carrier density is divided between Drude-like and plasmon-like modes with a ra-

tio ρ and (1− ρ), respectively, while the photocarriers are divided with respective ratios ν and

(1−ν). The measured conductivity may then be given as

∆σ(ω) =
[
σDrude

(
ω,ρNeq +ν∆N,Γ

)
+σPlasmon

(
ω,(1−ρ)Neq +(1−ν)∆N,Γ

)]
−[

σDrude
(
ω,ρNeq,Γ

)
+σPlasmon

(
ω,(1−ρ)Neq,Γ

)]
, (16)

By examining the equation for Drude conductivity given in Eqn. (2), it can be seen that it is

possible to expand σ(ω,Neq +∆N,Γ) into σ(ω,Neq,Γ)+σ(ω,∆N,Γ), and hence simplify Eqn.

(4) to

∆σ(ω) =
[
σDrude (ω,ν∆N,Γ)+σPlasmon

(
ω,(1−ρ)Neq +(1−ν)∆N,Γ

)]
−

σPlasmon
(
ω,(1−ρ)Neq,Γ

)
(17)

with free parameters ∆N, ρ , ν , and Γ. This is the equation used to fit Figure 3 in the main text;

best-fit parameters are given in Table 1. To convert from angular frequency, ω (in Equations (13)

- (17)), to linear frequency, ν (in the figures and numerical results), use the relation ν(Hz) =

ω(radian/s)/2π .
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Table 1: Best fit values for the model in Equation (17) to the experimental data

Parameter 10ps Value 1000ps Value
∆N 3.4×1016cm−3 1.8×1016cm−3

ρ 56% 31%
ν 15% 15%
Γ 9.3×1012s−1 9.3×1012s−1
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Figure 3: The effect of varying the (a) Total photoinjected carrier density, (b) Drude component
of photoinjected carriers, (c) Drude component of background carriers and (d) scattering rate (Γ)
within the model presented is shown. In each case the values of the parameters that are not be-
ing varied are those given in Table 1. The solid blue line (dashed green line) represents the real
(imaginary) part of the photoconductivity, respectively.
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Exploration of parameter space

Figure 3 explicitly shows the effect of varying each of the four parameters. Note that the absolute

size of each spectrum shown varies; they are displayed on different scales for clarity. However,

the true, unscaled value is used for fitting purposes. As can be seen in Fig. (Figure 3a), increasing

the carrier density causes an expected shift in the resonance position to higher frequencies, with

no appreciable change in shape at low frequencies. Varying the parameter ν (Figure 3b) causes a

change in the low-frequency response, due to the increased free-carrier response at large values of

ν ; for ν = 1, only a purely Drude-like response can be observed. The effect of varying ρ — the

proportion of background carriers in a surface-plasmonic mode — is shown in Figure 3c. It can be

seen that for low values (where the majority of background carriers are in a plasmonic mode), the

resonance peak of the photoinjected carriers is shifted to higher frequency, without increasing the

full-width-at-half-maximum, while at low values the ‘traditional’ Drude plus plasmonic response

is evident. Finally, varying the scattering rate has the typical effect on plasmonic peak width. It can

be seen that each of these parameters has a different set of effects upon the spectral conductivity,

permitting relatively straightforward modelling.
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