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Subwavelength THz imaging of graphene
photoconductivity

Samuel M. Hornett,∗ Rayko I. Stantchev, Martha Z. Vardaki, Chris Beckerleg,
and Euan Hendry

Physics Building, Stocker Road, University of Exeter, Exeter, Devon, UK, EX4 4QL

E-mail: s.m.hornett@exeter.ex.ac.uk

Abstract

Using a spatially structured, optical pump
pulse with a THz probe pulse, we are able to de-
termine spatial variations of the ultrafast THz
photoconductivity with sub-wavelength resolu-
tion (75 µm ≈ λ/5 at 0.8 THz) in a planar
graphene sample. We compare our results to
Raman spectroscopy and correlate the existence
of the spatial inhomogeneities between the two
measurements. We find a strong correlation
with inhomogeneity in electron density. This
demonstrates the importance of eliminating in-
homogeneities in doping density during CVD
growth and fabrication for photoconductive de-
vices.

Introduction

The unique opto-electronic properties of
graphene have received a lot of attention.1 For
example, ultrafast carrier relaxation,2–6 highly
tunable doping levels,7 theoretical mobilities in
excess of 150,000 cm2V−1s−1,7 and high thermal
conductivity8 all lend themselves to a number
of interesting device applications. However, the
large scale manufacturing of this 2D material,
usually through chemical vapour deposition
(CVD), is not yet perfected and it is well es-
tablished that there are a number of sources
of quality degrading, spatial inhomogeneities
such as charge puddles, grain boundaries, sub-

∗To whom correspondence should be addressed

strate induced strain variations, surface im-
purities, periodic nano-ripples, multilayer nu-
cleation sites and fabrication residues.9–13 Ra-
man spectroscopy and imaging has emerged as
an important characterisation tool, due to its
sensitivity to layer number,14 strain,12 carrier
concentration15 and defects.16–19 However, the
photoconductivity, a critical quantity for many
opto-electronic applications including photode-
tectors,20,21 cannot be explicitly determined
directly in Raman due to the limited number
of observable quantities.

Given its relevance to many opto-electronic
applications of graphene, evaluation of the ul-
trafast photoconductivity from optical-pump
THz-probe spectroscopy has attracted consid-
erable interest in the literature in recent years.
However, a consensus is yet to be reached re-
garding the origin and nature of the ultrafast
photoconductive response of graphene, with a
number of recent papers22–29 contributing to
the debate. These contain a number of com-
peting descriptions, each explaining some of
the observed features as arising from a com-
petition between stimulated emission and in-
duced absorption,22 or through a competition
between photo induced changes in the chem-
ical potential, mobility and carrier relaxation
described using thermodynamic,23,24 a modified
Drude25,26 or microscopic27 models. Some very
recent work28,29 suggests that plasmon emission
may also contribute. Despite all this work, the
role of spatial inhomogeneities has not been dis-
cussed in literature to date: due to the large
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THz spot sizes (≈ mm) used in these experi-
ments, they typically provide spatially averaged
information, and are therefore ignorant of the
small spatial inhomogeneities typical in CVD
graphene.

In this study, we introduce a technique able
to directly image how these spatial inhomo-
geneities affect the local, photoconductive THz
response of graphene. This is achieved via spa-
tial patterning of the optical pump beam, al-
lowing us to selectively sample our graphene,
and thereby building a THz photoconductiv-
ity map of our CVD graphene sample (supplied
by graphenesupermarket.com using a CVD cop-
per growth technique30 and PMMA assisted
transfer31,32). We compare the spatially depen-
dent THz photoconductivity to Raman spec-
tral maps and find there to be various corre-
lated features. We find that small regions of
graphene with low electron density display a
strongly suppressed photoconductivity on ul-
trafast timescales. Since the resolution of our
measurement is determined by the patterned
optical pump pulse, we are able to observe these
small regions of suppressed THz photoconduc-
tivity on markedly sub-wavelength length scales
(75 µm ≈ λ/5 at 0.8 THz).

We use an amplified femtosecond laser sys-
tem (800 nm, 1 KHz repetition rate, ∼100 fs)
to generate and detect our THz probe beam in
a pair of ZnTe crystals through optical rectifi-
cation33 and balanced electro-optic sampling,33

respectively. This allows us to determine the
electric field, E, of a single cycle THz pulse (cen-
tral frequency ∼0.8 THz, FWHM ∼1.0 THz33)
transmitted through our sample. Note that,
in all the data presented here, we discuss only
changes in the peak transmitted field, as in
ref.24 . This gives a spectrally averaged mea-
surement weighted to the spectral wavelength
of our THz pulse (λ0 =400 µm). The femtosec-
ond laser system also provides a third pump
beam used to photoexcite the graphene. Our
raw measurement of the temporal photoexcita-
tion dynamics of graphene are shown in figure
1(a) where we plot ∆E, defined as

∆E = EPump On − EPump Off, (1)

−2 0 2 4 6 8
Time,ps

0

−3

−6

∆
σ
,e

2
/h

a

To detector

Lens
Pump pulse

Digital Micromirror
Device

On
O�

7.63µm

Quartz
substrate

Graphene layer

Spatial encoding mask

THz beam

b

Figure 1: (a) Spatially averaged photoconduc-
tivity as a function of time delay after photo-
excitation at 0 ps. (b) The imaging setup; a
patterned 800 nm pump beam is used to pho-
toexcite a graphene sample on quartz substrate
(from graphene supermarket). The graphene is
then probed with a THz pulse (λ0 =400 µm).
Note that the DMD used (DLP lightcrafter,
Texas Instruments) has a 13◦ angle between the
individual mirrors and the plane of the mirror
array, which introduces a wavefront distortion
to the excitation beam. In order to remove the
temporal smearing arising from this, we pho-
toexcite at an incident angle of 13◦ to normal.
Greater detail of this experimental arrangement
is shown in the supplementary materials.
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as we vary the time between the optical pump
and THz probe pulses. Here, the photoexcita-
tion pulse arrives at ∼ 0 ps. We see a fast,
sub-picosecond carrier rise time followed by pi-
cosecond relaxation times (associated with car-
rier cooling) as observed previously in refs.22–25

From this measurement one can extract the
photoconductivity, ∆σ, via the relation4

∆σ = −1 + nsub

Z0

∆E

EPump Off

, (2)

where EPump Off is the transmitted THz field be-
fore photoexcitation, Z0 the impedance of free
space and nsub ≈ 1.9 is the THz refractive index
of the quartz substrate. From the data in fig.
1(a), it is clear that we have a negative pho-
toconductivity (i.e. a conductivity which de-
creases on photoexcitation). This is typical for
graphene with an intrinsic Fermi level greater
than 120 meV34 (from Raman measurements,12

we estimate the intrinsic Fermi level of our sam-
ple to be ∼ 550 meV). However, it is important
to note that this is a spatially averaged result:
due to the restrictive diffraction limit for THz
radiation, THz photoconductivity can typically
only be determined with ∼ mm spatial resolu-
tion.

To overcome this resolution limit, we intro-
duce spatial modulation in the optical pump
beam, as illustrated in figure 1(b). For this we
employ a digital multi-mirror device (DMD) to
pattern the residual 800nm pulses from the THz
generation, allowing us to generate a THz pho-
toconductivity image with a diffraction limit
determined by the 800nm wavelength. The sim-
plest spatial dependence which can be used is
a single raster scanning spot. This is analogous
to near field probes35 or scanning apertures.36

However single apertures and scatterers pro-
duce tiny signals due to their small size with
respect to the THz wavelength.37 To achieve
optimum signal to noise, we therefore pattern
our photoexcitation beam into binary intensity
masks derived from Hadamard matrices,37,38 as
explicitly described in Ref.37 and in the supple-
mentary information. Knowledge of the mask-
ing patterns and the corresponding far-field de-
tector readout is combined to obtain an im-

age of the THz photoconductivity of the object,
our CVD graphene sample. In this experimen-
tal design, the theoretical imaging resolution is
limited by the Rayleigh criterion for our pump
beam. However, in practice the signal to noise
ratio in experiment leads to long measurement
times for high resolution37 . We find that a res-
olution of 75 µm is sufficient to resolve most of
the conductivity features in our sample.

Results
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Figure 2: (a) ∆E measured at x = 0µm show-
ing the graphene response convoluted with the
THz probe spot (white dotted lines shows gold
alignment markers). Note that diffractive losses
from the digital micromirrors account for an
80% reduction in the incident pump power,
while a further factor of two reduction origi-
nates from a 50% fill fraction mask, resulting
in a pump fluence of 100µJ/cm2 at the sample.
(b) ∆E measured with a shift of 450 µm with
respect to (a). (c) Spatial dependence of the
THz photoconductivity, as calculated following
the procedure in text.

The imaging results are shown in figure 2.
We measure at the peak in ∆σ shown in 1a.
Figures 2(a) and (b) are images showing the
spatial dependence of ∆E as recorded with our
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single pixel imaging scheme. The THz probe
beam profile can be observed in the centre of
both images, with a number of additional fea-
tures inside the spot. In order to separate the
spatial response of the sample from any spatial
inhomogeneities of the THz and optical pump
beams, an averaging technique is employed,
where the sample is laterally displaced with re-
spect to the pump and probe beams. This al-
lows us to extract any intensity variations asso-
ciated with the graphene sample itself. In figure
2(b) the sample has been horizontally offset by
450 µm. As the sample translates left to right,
we use gold markers (square features at top and
bottom) to track its movement. The full set of
results are shown in supplementary materials
as video S1. The average beam profile is then
extracted by taking the mean of all N images
in the stack;

∆Ebeam(x, y) =
1

N

n∑
i=0

∆Ei(x, y). (3)

where ∆Ei is the ith image in the stack of im-
ages. The response of the graphene itself is then
obtained by averaging the resultant stack of im-
ages, accounting for the horizontal shift of the
sample (xi) using

∆E

EPump Off

=
1

MN

N∑
i=0

∆Ei(x− xi, y)

∆Ebeam(x, y)
, (4)

where M is a normalization factor which
equates the spatially average photoconductivity
to the photoconductivity measured in 1. The
photoconductivity is then obtained via eq. 2.

In figure 2(c) we plot the normalised THz
photoconductivity of our sample. We see a
predominance of a negative photoconductivity
across the sample, as expected for graphene
with a Fermi level � 120 meV.34 The spatial
averaged magnitude of the photoconductivity is
around 6 e2/h. However, we also observe large
variations in the photoconductivity in the im-
age, with some regions displaying a magnitude
as small as 1.2 e2/h. Below, we try to under-
stand the origin of these features using Raman
microscopy.

Raman spectroscopy measures inelastic scat-
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Figure 3: (a) Typical Raman spectra show-
ing the three main graphene peaks. (b) His-
togram showing the correlation of the graphene
2D and G Raman peaks with the origin for
both in monolayer graphene marked by white
star. The vectors for strain and doping are
shown with dashed (strain) and the solid (elec-
tron concentration) lines. The accompanying
labels indicate fixed values for percentage strain
and electron density in cm−2 for each line of
varying electron density and strain respectively.
(c) Plotted after decomposition into the non-
orthogonal strain and doping vectors.
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tering from optical phonon modes in the
graphene. A typical spectrum is shown in fig-
ure 3(a), with three peaks corresponding to two
phonon modes: the zone center mode G and
the first and second harmonics of the D zone
edge phonon. We obtain a spectral Raman
map of the area of our sample shown in figure
1(c) by fitting each of the three spectral peaks
with single Lorentzians in order to extract cen-
tral frequencies, intensities and widths. Note
that, due to the mismatch in resolution be-
tween Raman and THz imaging approaches,
multiple Raman spectra were recorded within
each 75 µm THz pixel in order to give an in-
dication of the average response of each and
minimize disparity between the measurements.
It is important to note that the D peak does
not conserve momentum and is therefore defect
activated. As discussed later, we observe a dis-
tribution of defects in our Raman images, as
expected for CVD graphene.16–19

In addition to the D peak, the frequencies
of the allowed G and 2D phonons also corre-
late with important graphene properties. In
a pristine, undoped and unstrained graphene
sample the G and 2D peaks are expected to
occur at 1581.6 cm−1 and 2603.72 cm−1, re-
spectively. This origin, found for our Raman
excitation wavelength of 785 nm by extrapo-
lating the data in39 using the reported shift of
88 cm−1/eV 40 depending on excitation wave-
length, is marked by a white star. It has
been established that, for conditions normally
found in CVD graphene, straining and doping
graphene both yield changes to the frequencies
of the 2D and G phonon peaks. More impor-
tant, however, is that the rate of change of the
2D and G frequencies are different for the two
cases, yielding gradients of 2D with respect to
G frequencies of 2.2 and 0.7 for strain and dop-
ing, respectively.12 For each of our Raman spec-
tra, we examine this bimodal correlation be-
tween 2D and G frequencies, as shown in fig-
ure 3(b), where the white star indicates the
expected peak position for intrinsic mono-layer
graphene. The vectors for strain and doping are
shown with dashed (strain) and solid (electron
concentration) lines. It is clear that the highest
density of points lie in the high negative strain

and high doping region far from the origin.
For ease of analysis we perform a decompo-

sition of the co-ordinate system into the strain
and doping vectors. To correctly scale the vec-
tors we assume a linear shift in the G frequency
per % uniaxial strain of -23.5 cm−1.41 Simi-
larly, the G peak is expected to change by 1.02
cm−1 for each change in electron density of 1012

cm−2 12 as directly observed in the experiments
of ref.15 It is important to note that in order
to perform this co-ordinate transformation, we
make the reasonable assumption that the CVD
graphene in ambient conditions is hole doped,42

and note that the extracted values of carrier
concentration ≤ 1012 cm−2 are unreliable due
to anomalous phonon softening, which causes
a non-linear dependence on carrier concentra-
tion.12,43

The results of this transformation are shown
in Figure 3(c),in which we see large variations
of both electron concentration and strain. The
strain variations are attributed to folds and
bubbles44 generated during fabrication. We
also observe a strong correlation between elec-
tron concentration and strain. This correla-
tion can be explained by considering the pre-
dicted increase of adsorption energy of dopant
molecules on the surface when strain is ap-
plied.45,46 We also observe an increase in
the width of the 2D peak with increasing
strain/doping , presumably due to inhomo-
geneous broadening within the 1 µm Raman
spot,44 giving rise to a significantly larger than
expected FWHM2D ∼ 53.2 cm−1.

In figure 4 we compare the spatial dependence
of the THz photoconductivity (a) against spa-
tial maps of the Raman defect peak intensity
(b), and electron concentration (c). In order to
make fair comparison between the Raman and
THz images we have averaged the Raman sig-
nals using a spatial filter. In all three images we
observe a feature to the bottom right resulting
from a small tear in the graphene. However, the
correlations to some of the more subtle features
in Fig. 4(a) are less obvious - we discuss these
below in more detail.

Firstly, figure 4(b) is obtained by plotting the
defect peak intensity, normalized by the inten-
sity of the G peak - this results in a spatial map
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Figure 4: (a) Graphene photoconductivity map
showing the region of interest also covered by
the Raman map. (b) Normalised intensity map
showing the relative spatial distribution of the
D Raman peak. (c) Spatial map of carrier con-
centration, extracted following the procedure in
the text.

of localized defects in the graphene. From this
image, it is clear that these local defects are
arranged along distinct lines, possibly resulting
from folding during growth or transfer. Irre-
spective, there is little or no correlation to the
THz photoconductivity observed in fig. 4(a).
This is symptomatic of the local conductivity,
sensitive to motion on ultrafast timescales and
unaffected by these boundaries, typically ob-
served in THz measurements.47

In figure 4(c) we plot the spatial dependence
of the carrier concentration, which it should
be noted is similar to the spatial dependence
of the strain due to the correlation shown in
figure 3(c). This shows a much more clear
cut correspondence to the THz photoconduc-
tivity plotted in figure 4(a). We see very low
THz photoconductivity, around a factor of five
lower than the spatial average, in regions of low
doping/strain compared to the high strain/high
doping regions.
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Figure 5: Spatially averaged THz photoconduc-
tivity as a function of pump-probe delay for
graphene showing minimal change at 0%,0.3%
and 0.6% strain, as shown by the black dotted,
red solid and green dashed lines, respectively.
The THz polarisation is parallel to the axis of
compression.

Due to the correlation between doping and
strain it is problematic to extract the causation
behind the modulation observed in the photo-
conductivity. We therefore measure the spa-
tially averaged photoconductivity (as in figure
1(a)) of a sample of graphene on flexible PET
film at different levels of uniaxial strain, fol-
lowing the method of straining used in Ref.48

While the steady state conductivity has been
shown to be sensitive to levels of strain,49 it is
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clear from figure 5 that the spatially averaged
photoconductivity is insensitive to the level of
strain externally applied. This suggest that the
correlation observed between Raman and pho-
toconductivity in our images is likely related to
electron density, in agreement with the strong
doping dependence seen in spatially averaged
THz measurements of gated graphene.25,34 The
clear correlation between Raman and ultrafast
photoconductivity constitutes one of the major
findings of our work, and, as described above,
suggests that the steady state electron density
plays a crucial role in determining the photo-
conductivity.23–27 We do not see evidence of lo-
cal band gaps, as proposed in ref.22

To conclude, we present a new experimental
method for imaging the THz photoconductiv-
ity of graphene on small length scales. By se-
lectively photoexciting regions of the graphene
and then measuring the photoconductive tera-
hertz response, we can observe variations with
sub-wavelength resolution (currently 75 µm ≈
λ/5 at 0.8 THz, though a fundamental limit
approaching 1µm, set by the optical diffrac-
tion limit, should in principle be possible). By
comparing our images to Raman maps, we
find a strong correlation with strain and elec-
tron concentration. We attribute the causa-
tion of this correlation to doping inhomogene-
ity. This demonstrates the importance of elimi-
nating these strain and doping inhomogeneities
during CVD growth and fabrication for photo-
conductive devices.
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