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ABSTRACT

We demonstrate the application of the two-photon absorption transient current technique to wide bandgap semiconductors. We utilize it to
probe charge transport properties of single-crystal Chemical Vapor Deposition (scCVD) diamond. The charge carriers, inside the scCVD
diamond sample, are excited by a femtosecond laser through simultaneous absorption of two photons. Due to the nature of two-photon
absorption, the generation of charge carriers is confined in space (3-dimensional, 3-D) around the focal point of the laser. Such localized
charge injection allows us to probe the charge transport properties of the semiconductor bulk with a fine-grained 3-D resolution. Exploiting
spatial confinement of the generated charge, the electrical field of the diamond bulk was mapped at different depths and compared to an X-
ray diffraction topograph of the sample. Measurements utilizing this method provide a unique way of exploring spatial variations of charge
transport properties in transparent wide-bandgap semiconductors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5090850

The development of electronic devices based on wide-bandgap
semiconductors, for example, for power electronics1 or charged parti-
cle detectors,2 requires a detailed knowledge of the charge carrier
transport properties in those materials. In this letter, we present an
extension of the known transient current technique (TCT) to obtain
such knowledge in wide bandgap materials. It is based on generating
charge carriers in the bulk of a wide-bandgap semiconductor through
two-photon absorption (TPA) of a femtosecond laser pulse. The tran-
sient current pulse formed by the movement of the carriers in the elec-
tric field of the bulk is then observed and analyzed.

The laser beam enters through the edge of the sample, thus giving
the name to the method: edge-TCT. The ability to generate, within
femtoseconds, spatially confined charge carriers in any point within
the specimen accessible by a laser beam allows us to disentangle the
influence of local variations in the electric field from trapping of free
charge carriers. This gives TPA edge-TCT a significant advantage over
the traditional TCT methods, where the carriers are either confined in

space at the surface (top-TCT) or distributed along the beam line
(edge-TCT). Among the traditional methods, the two most frequently
used in diamond are above-bandgap laser excitation3 or the use of
alpha particles.4 Both these methods do not allow for a 3-dimensional
(3-D) scanning of the bulk. In addition, the absence of independent
knowledge of the carrier generation time in the case of alpha particles
further complicates the analysis.

The edge-TCT method was first developed for silicon devices for
charged particle tracking.5 It uses a laser beam with a subbandgap
wavelength that excites the carriers through the device edge along a
narrow (�10lm) path. The current pulse evolution is subsequently
observed on one of the narrow strip electrodes perpendicular to the
laser path. Recently, the TPA edge-TCT has also been demonstrated
in silicon devices.6–8 While in silicon devices, the TPA edge-TCT
requires a more complex laser setup in comparison to the traditional
subbandgap edge-TCT, in wide-bandgap semiconductors, the TPA
edge-TCT is the only feasible method. This is because the generation

Appl. Phys. Lett. 114, 203504 (2019); doi: 10.1063/1.5090850 114, 203504-1

Published under license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/1.5090850
https://doi.org/10.1063/1.5090850
https://doi.org/10.1063/1.5090850
https://doi.org/10.1063/1.5090850
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5090850
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5090850&domain=pdf&date_stamp=2019-05-22
https://orcid.org/0000-0002-2163-442X
https://orcid.org/0000-0002-3135-6427
https://orcid.org/0000-0003-0467-6959
https://orcid.org/0000-0002-7580-384X
https://orcid.org/0000-0001-6476-100X
https://orcid.org/0000-0002-4119-6156
https://orcid.org/0000-0001-8038-1613
mailto:dorfer@phys.ethz.ch
https://doi.org/10.1063/1.5090850
https://scitation.org/journal/apl


and fine tuning of a deep ultraviolet (DUV) laser beam with a wave-
length slightly below the bandgap energy, for example, in diamond
samples, present significant difficulties. It requires relatively complex
laser sources such as DUV dye lasers or multistage frequency doubling
with an optical parametric amplifier, which further increases the cost
and complicates the setup. In addition, charge in subbandgap wave-
length experiments is generated all along the light path and not spa-
tially confined around the focal point as in TPA edge-TCT.

Figure 1 shows a simplified overview of our setup. The
Ti:Sapphire laser system (Spectra-Physics Femtopower Pro V CEP) of
the ETH Ultrafast Laser Physics group9,10 provides 25-fs laser pulses
with a wavelength of 800-nm and pulse energies of up to 2.2 mJ at a
repetition rate of 1 kHz. Only a subpercent reflection of the initial
beam is sent to the setup in which the second harmonic (400nm) was
generated by a 100–lm thick barium borate (BBO) crystal. The beam
is then sent through a filter to remove residual IR components from
the 400-nm wavelength light. Focusing the beam with a f¼ 30mm
achromatic doublet along the z-axis into the diamond results in a focal
point with a full width at half maximum (FWHM) of 1.6lm and a
Rayleigh length of 28lm as measured with the “knife edge” technique
in air. Typical pulse energies for the experiment ranged from 0.1 to 0.2
nJ with the pulse intensity being stable to below 1%. Due to the high
refractive index of diamond, refraction and dispersive pulse broaden-
ing should be taken into account. Refraction causes the focal point to
elongate and shift its position forward in the direction of the beam
when entering the diamond. While the diameter remains approxi-
mately the same, the Rayleigh length increases by roughly the refrac-
tive index of diamond. The z-position of the focal point inside
diamond is affected in a similar way. Therefore, in order to determine
the actual z-position inside the diamond, the z-displacement of the
xyz-stage was corrected by the index of refraction and referenced to
the sample edge through which the laser pulse enters. Dispersive pulse
broadening causes an increase in the pulse length from 25 fs to roughly
100 fs after passing through the optical elements and �2mm of dia-
mond. Based on the observed laser power dependence of the signal,
we conclude that two-photon absorption (TPA) is the prevalent mech-
anism of charge generation in diamond, which agrees with the
reported absorption constants.11

The diamond under test was purchased from Element6.12 It was a
4660� 4790� 540 lm3 single-crystal Chemical Vapor Deposition
(scCVD) diamond with the large surfaces oriented perpendicular to
the [001] crystallographic orientation. A 4100� 4100 lm2 Ti:W square
pad was sputtered, to both larger surfaces through shadow mask sput-
tering after which the sample was annealed at 400 �C for 5min under a

N2 atmosphere. In order to reduce dispersion at the edges, two of the
diamond smaller sides were polished. Since the injected charge is spa-
tially confined, there was no need for a segmented metallization as
required in subbandgap excitation setups; therefore, a simple pad lay-
out was chosen. The diamond lower pad was glued onto a small PCB
and its upper pad was wire-bonded to the input of the amplifier. A
CIVIDEC13 C2-HV (2GHz, 40 dB) broadband amplifier/bias-T com-
bination amplified the signals coming from the diamond while provid-
ing the bias voltage to the diamond. No active cooling or heating was
used. All measurements were performed at room temperature.

The measurements were fully automated. A computer controlled
the 3-axis movement of the sample while constantly logging the leak-
age current and acquiring waveforms from the laser-triggered oscillo-
scope. The xyz-stage consisted of 3 linear Newport stages with a
submicron resolution driven by a Newport ESP301 motion controller.
The 2GHz bandwidth, 10 GS/s sampling rate Tektronix MSO5204B
oscilloscope allowed us to digitize and record, synchronous to the laser
repetition rate, a series of 20–100 waveforms with an 8-bit pulse height
resolution and a length of 200ns.

The first step in the analysis was the averaging and baseline cor-
rection of the waveforms. The latter was done by taking the average of
a large number of waveforms acquired in air outside the diamond and
subtracting the result from the average waveform at every scan point.
This method allowed us not only to find the baseline of the waveforms
but also to remove noise from the laser Pockels cells as well as recurring
pickup of the amplifying circuit. Figure 2 shows a collection of wave-
forms taken at �1400V bias voltage on the top electrode at different
distances from the bottom electrode (y-positions). The rising edge of
the signals indicates the initial drift of charge carriers just after the laser
pulse. Thereafter, the initial peak of the signals at y-positions
(350–500lm) is a result of both electron drift and hole drift. The tail
reaching up to �5.5 ns is caused by the electron cloud drifting to the
ground electrode. For y¼ 300lm, the drift times of electrons and holes
to the respective electrodes are roughly the same and no tail is seen.

FIG. 1. Schematic view of the experimental setup.

FIG. 2. Averaged and baseline corrected waveforms taken at 5 different positions
with varying y-coordinates and constant x¼ 2500lm and z¼ 1000 lm coordi-
nates (see Fig. 3 for reference). The signals shown are the average of 100 acquisi-
tions with a baseline correction calculated from 1200 waveforms recorded outside
the diamond region.
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The collected charge for a scan point at position (x, y, z) can be
calculated as

Q ¼
ðtb
ta

Iðx; y; z; tÞdt; (1)

where ta and tb denote the integration times. The integration window
was always chosen to integrate the full range of the waveforms
(0–200 ns) in order not to neglect the charges with a smaller drift
speed than expected. Performing this procedure for every point with
step sizes of Dx¼ 50lm and Dy¼ 25lm and roughly 4400 measure-
ment points yields a 3-D (x, y at a given z) charge collection map
shown in Fig. 3.

The “prompt” current method4 was used to measure the electric
field configuration inside the diamond. Immediately after a laser pulse,
electrons and holes that were generated in the voxel of the focal point
start drifting in the electric field of the diamond. This initial drift is
proportional to the average electric field in the immediate surround-
ings of the injection voxel. Drifting charges in the diamond cause a
current that is measured at the amplifier output. While the drift of the
carriers from the injection voxel to the electrodes is characterized by
pulse shapes equivalent to the ones shown in Fig. 2, the information
about the drift in the first few hundred picoseconds is contained in the
rising edge of the current pulses. We measure this initial drift by com-
puting a 200-ps integral around the center of the rising edge. The inte-
gral helps to minimize the uncertainty (e.g., from trigger jitter) in
comparison to a single value measurement at the center of the rising
edge. The outcome of the integral is called prompt current. The
prompt current (Iprompt) is a measure that only depends on the weight-
ing field~Ew and the mobilities of electrons and holes near the injection
point. This can be shown by using Shockley-Ramo’s formula for the
instantaneous current14 multiplied by the amplifier gain A,

Ipromtðy; t � 0Þ ¼ Aqð~ve þ~vhÞ~Ew; (2)

then substituting the definition for mobility ~ve þ~vh ¼ ½leðEÞ
þ lhðEÞ� �~EðyÞ and combining all terms not depending on the electric
field E in a constant c, we obtain

Ipromtðy; t � 0Þ ¼ c leðEÞ þ lhðEÞ½ � � EðyÞ: (3)

The strength of this approach is the ability to disentangle the
measurement of the electric field from trapping effects that occur dur-
ing the drift of the charges. Current pulses in Fig. 2 have an average
20%–80% rise time of 350 ps, which at the given field corresponds to
an average drift distance of 32lm. The carrier mean free path in

electronic grade scCVD diamond is much larger at such electric fields;
usually, it exceeds the sample thickness. Therefore, the trapping during
the initial drift can be neglected in this sample. In materials where
trapping effects are not negligible compared to the amount of gener-
ated charge, Eq. (3) has to be corrected for immediate charge trapping
during the initial drift. Figure 4 shows two xy-prompt current maps at
two different z-positions in the diamond.

The plots show strong variations of the prompt current and thus
the electric field, which in turn indicates a strong, nonhomogeneous
variation of space charge in the diamond bulk. In Fig. 5, the prompt
current distributions in Fig. 4 are plotted as a function of y for several
selected x, z positions. For the profile at z¼ 1.5mm and x¼ 2.5mm,
the density of space charge is high enough to render the region at small
y without a sizable field.

To see whether the variations in the prompt current are caused
by structural defects in the diamond, we compared regions of the
prompt current xy-scans to slices of an X-ray diffraction topograph
taken at the BM05 beamline of the European Synchrotron Radiation
Facility (ESRF) in Grenoble.15 The (400) Laue spot of the diamond vis-
ualizes defects present in the bulk. Dark regions in the topograph in
Fig. 6 correspond to a high defect density.

In order to make a comparison between the X-ray topograph and
the xy-scan of the prompt current that is not biased by the high field
region around the electrode, a fiducial area, shown as a red box in Fig.
4, was selected. The prompt current values were summed for each x-
column in the fiducial area, resulting in 1-dimensional distribution in
Fig. 7. The image histogram of the X-ray topograph was obtained by
summing the contrast values of the pixels enclosed by the red bar at
z¼ 1500lm in Fig. 6. The summation was done along the z-axis for
every pixel column along the x-axis. To account for the nonhomoge-
nous intensity distribution of the focal point along the z-direction, the
pixels were weighted with the squared intensity profile of the focal
point prior to summation. Both distributions (shown in Fig. 7) were
normalized to their maximum values for comparison. The electric field
drop below 700lm and above 4000lm is due to the edge effect. In
addition to this, we observe a large drop in the electric field between x
� 1500 and x� 2800lm. This drop coincides with a large dark region
at the same position in the X-ray topograph. The other dark regions in

FIG. 3. xy-scan of the diamond at z¼ 1000 lm showing collected charge at a bias
voltage of �500 V. The thin white lines show the silhouette of the diamond and the
two thick lines represent the contact electrodes.

FIG. 4. Prompt current xy-maps for z¼ 1500 lm and z¼ 1000lm at a bias volt-
age of �500 V. The red box in the z¼ 1500 lm plot is the fiducial area for the
comparison between prompt current and X-ray topograph in Fig. 7.
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the X-ray topograph do not cause significant disturbance in the electric
field, indicating that those defects do not affect the electric field.

Our results complement the X-ray diffraction topography. The
X-ray diffraction topography indicates the structural defects of the
sample. Our method is sensitive to variations of the electric field due
to the space charge formed by trapping on defects. It therefore indi-
cates the location and the polarity of the trapped charge. In addition,
our method explores the defects in 3 dimensions, while the X-ray
topograph in our case is 2-dimensional. Figure 7 exhibits a correlation
indicating a link between structural defects and charge trapping cen-
ters. In our future work, we will perform a more systematic study of
the correlation between the structural defects and their effect on charge
trapping and space charge distribution. In addition to correlation with

X-ray topography, it will be enlightening to explore correlations with
other defect imaging methods, such as the recently reported photoelec-
trical readout of single defects.16

In summary, we demonstrated the application of the TPA edge-
TCT technique in a wide-bandgap semiconductor. We presented 3-D
resolved measurements of the charge collection and the electric field in
the diamond sample. We have shown that a correlation between the
electric field in the diamond and the dislocations observed in the X-
ray topography image exists. In addition, we have demonstrated that
the measurements of the charge collection and the electric field can be
achieved with an excellent position resolution in all 3 dimensions.
This was previously difficult to achieve in wide-bandgap materials but
is now accomplished through the use of two-photon absorption.

We would like to thank Robert Stone from Rutgers University
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led to these measurements. Special thanks to Professor Ursula
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also like to thank Professor Steven Johnson at ETH for providing us
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experiment and also Martin Kubli and Larissa Boie for their advice
and support there. This work was supported by ETH Grant No.
ETH-51 15-1.
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