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Photoconductive detectors are convenient devices for detecting pulsed terahertz radiation. We have
optimized Fe+ ion-damaged InP materials for photoconductive detector signal to noise performance
using dual-energy doses in the range from 2.5�1012 to 1.0�1016 cm−2. Ion implantation allowed
the production of semiconducting materials with free-carrier lifetimes between 0.5 and 2.1 ps, which
were measured by optical pump terahertz probe spectroscopy. The time resolved photoconductivity
of the detector substrates was acquired as a function of time after excitation by 2 nJ pulses from a
laser oscillator. These data, when combined with a deconvolution algorithm, provide an excellent
spectral response correction to the raw photocurrent signal recorded by the photoconductive
detectors. © 2008 American Institute of Physics. �DOI: 10.1063/1.2969035�

I. INTRODUCTION

Spectroscopy and imaging with pulsed terahertz radia-
tion are very active fields of science and technology.1–3 Ul-
trafast photoconductive terahertz detectors �PCDs� were the
first devices used to detect pulsed terahertz radiation4,5 and
now form an integral part of many terahertz time domain
spectroscopy �TDS� systems. Auston et al.4 demonstrated the
first terahertz PCD in 1984, which followed from Auston’s6

earlier work on picosecond switching of semiconductors.
Since then there have been many developments in both PCD
design and substrate material science. Design improvements
include the development of coplanar strip line,5 pointed
dipole7 antennas, frequency independent bow-tie antennas,8

and the incorporation of coupling optics.5 Recently polariza-
tion sensitive PCDs have been developed,9–11 which are
proving useful for terahertz spectroscopy of birefringent and
optically active systems.10 PCDs have been fabricated from
many different semiconductor materials including ion-
implanted Si-on-sapphire,4,5 GaAs,12 InP,13 and InGaAs,14 as
well as from low-temperature grown GaAs �Ref. 15� and
InGaAs.16 In addition PCD operation has been achieved
from devices based on semi-insulating GaAs �Ref. 17� and
InP.18 PCDs have been shown to operate throughout the tera-
hertz band with excellent noise figures and detection band-
widths in excess of 30 THz.13,15,19

A PCD measures the electric field of a terahertz pulse as
a function of space or time.5,9,18 In contrast to bolometric
detectors, these devices allow all phase and amplitude of the
electric field from a terahertz pulse to be recorded.1 The sim-
plest device design consists of two metal contacts evaporated
onto a semiconductor substrate. Typically, these electrodes
are connected to the current input of a lock-in amplifier. To
operate such a detector, a laser pulse is shone at the gap
between the electrodes in order to photogenerate charge car-

riers and hence close the circuit. Once the circuit is closed,
an electric field between the electrodes will drive current
though the circuit. If a terahertz pulse is focused onto the gap
region, its electric field will control the current. How this
current relates to the terahertz transient depends on the type
of PCD. The two main modes of PCD operation are the �i�
direct sampling mode and �ii� integrating mode.

Direct sampling detectors are typically fabricated from
highly resistive semiconductor substrates that exhibit very
short charge-carrier lifetimes. Such materials are usually ei-
ther grown at low temperature15,16 or are ion-damaged4,5,12,13

to create scattering and trapping centers in the crystal struc-
ture. In the limiting case, the switch is only closed as long as
it is illuminated by the laser pulse. In this case the current in
the circuit samples only the point of the terahertz transient
that overlaps spatially and temporally with the laser pulse, as
shown schematically in Fig. 1�a�. Thus the measured photo-
current will be proportional to the strength of the terahertz
electric field at that point. By delaying the laser pulse with
respect to the terahertz transient by �, it is thus possible to
measure the electric field Eterahertz of the pulse as a function
of time t. Thus the photocurrent is

I��� � Eterahertz�t = �� , �1�

under the assumption that the laser pulse generates a spike in
conductivity in the semiconductor substrate that is of much
shorter duration than any feature in the terahertz waveform
�typically �1 ps�.

Integrating detectors are made from materials that have
charge-carrier lifetimes that are much longer than the dura-
tion of the terahertz transient. The detection method is simi-
lar to that for the direct detectors; however, the longer
charge-carrier lifetime means that after the PCD is photoex-
cited the circuit is closed for a period much longer than the
duration of the terahertz transient. Therefore, the measured
current is proportional to the integral of the electric field of
the terahertz transient. As shown schematically in Fig. 1�b�,a�Electronic mail: m.johnston@physics.ox.ac.uk.
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the lower limit of the integral is the time � in the terahertz
transient when the laser pulse overlaps with it. Thus by de-
laying the laser pulse with respect to the terahertz transient
by �, the terahertz electric field Eterahertz can be recovered
from the I��� data by differentiation with respect to �.17 That
is,

I��� � �
�

�

Eterahertz�t�dt , �2�

where it is assumed that the conductivity of the semiconduc-
tor rises like a step function upon photoexcitation.

It is a common misconception that high-bandwidth de-
tectors need to be fabricated from short-lifetime materials.
As can be seen from Eq. �2�, this statement is not correct.
The only bandwidth limitation in devices with long photo-
carrier lifetimes is that the rise time in the photoconductivity
must be short, which is a feature usually limited by the du-
ration of the laser pulse rather than by properties of the ma-
terial. In fact, the reason for using a material with short pho-
togenerated charge-carrier lifetimes is to improve the signal-
to-noise ratio �SNR� of the detector rather than to increase
the detection bandwidth. Therefore, if noise issues were un-
important, materials such as semi-insulating GaAs, which
have nanosecond carrier lifetimes, could be used as sub-
strates for PCDs.

In this study we have optimized materials for PCD ap-
plications. In particular we have maximized the SNR of the
detectors by adjusting the electrical properties of their sub-
strate materials using ion implantation and subsequent an-
nealing. We have also developed a method that corrects for
the spectral response of the optimized devices when the de-
tector falls between the direct sampling and integrating re-

gimes. Both our optimization and spectral response methods
relied on data acquired using the technique of optical pump
terahertz probe spectroscopy �OPTPS�.

II. OPTICAL PUMP TERAHERTZ PROBE
SPECTROSCOPY

OPTPS is a powerful noncontact technique for measur-
ing the optical and electrical properties of bulk20–22 and
nanostructured23–25 materials. In this method a sample is
photoexcited with a femtosecond laser pulse, and the tera-
hertz TDS spectra are measured at short time intervals after
the photoexcitation. By comparing the time-gated photoex-
cited spectra with the “dark” reference spectra the time re-
solved photoconductivity spectrum is obtained. This tech-
nique is much less widely used than terahertz TDS but has
proved invaluable for studying ultrafast charge
dynamics.2,26,27

Most OPTPS studies have been conducted using laser
amplifiers to excite samples.2 This is because the perturba-
tion in the conductivity of a sample photoexcited by high-
energy �1 �J−1 mJ� amplified pulses is significantly larger,
and hence easier to measure, than that induced by pulses
from a laser oscillator �typically �10 nJ�. Unfortunately, the
charge dynamics in semiconductors excited at high fluence
are highly nonlinear and are therefore quite different from
those in a device that is photoexcited by pulses from a laser
oscillator.28

In order to measure the conductivity response of materi-
als for PCDs, it is important to perform OPTPS under con-
ditions as close as possible to those that they operate under.
As most terahertz TDS systems rely on laser oscillators to
gate their detectors, we decided to use a laser oscillator in
our OPTPS measurements.

The OPTPS system that was used in this study is repre-
sented in Fig. 2. A chirped mirror laser oscillator �Femtolas-
ers GmbH� was used to generate 10 fs duration laser pulses
with an energy of 5 nJ at a repetition rate of 75 MHz �aver-
age power 375 mW� and center wavelength of 790 nm. Each
laser pulse was split into three parts using dielectric beam
splitters. Approximately 2 nJ was used to photoexcite the
sample. Another �2 nJ fraction was used to generate a
single-cycle terahertz transient by photoexciting a 400 �m
gap semi-insulating-GaAs photoconductive emitter that was
biased with a square wave of �120 V amplitude and 20 kHz
frequency. The remaining fraction of each pulse �0.4 nJ� was
used for electro-optic detection of the terahertz waveform in
a 200 �m thick �110� ZnTe crystal.

III. MATERIALS DEVELOPMENT

When high-energy ions are implanted into semiconduc-
tors, they generate defects such as vacancies, substituted at-
oms, interstitial atoms, and dislocations. These defects act
both as scattering centers and trapping sites, thereby reduc-
ing the mobility and photocarrier lifetime of ion-implanted
materials. However, annealing a semiconductor after ion im-
plantation allows the mobility to recover while retaining a
significant density of traps, thereby retaining a relatively
short photocarrier lifetime. By choosing a combination of
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FIG. 1. �Color online� Schematic representation showing a terahertz pulse,
the conductivity in a photoconductive receiver, and the current induced be-
tween the contacts, which is proportional to the integral of the product of the
electric field and the conductivity. In the top and bottom panels, the cases of
short ��1 ps� and long �	1 ps� carrier lifetimes in the semiconductor are
illustrated.
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appropriate implantation dose and energy in addition to cor-
rect annealing temperature, the electronics properties of a
semiconductor can be controlled precisely.29,30

For this study the tandem accelerator at the Australian
National University31 was used to implant semi-insulating
InP samples with Fe+ ions. Each sample was implanted with
a combination of 2.0 and 0.8 MeV ions. The vacancy con-
centration was first modeled using the stopping and range of
ions in matter �SRIM� software32 in order to generate an al-
most constant damage profile over the absorption depth for
near-infrared photons ��1 �m�. For example, the calculated
vacancy density for a chosen dose of 1�1016 and 2.5
�1015 cm−2 at 2.0 and 0.8 MeV, respectively, is shown in
the inset of Fig. 3. All samples were subsequently annealed
at 500 °C for 30 min in a PH3 atmosphere. The implantation
conditions for the four samples used in this study are listed in
Table I.

IV. MATERIALS CHARACTERIZATION

The time resolved photoconductivity 
�t� of the samples
listed in Table I was measured using our OPTPS system.33

The samples were photoexcited by 2 nJ laser pulses imaged
to a �1 mm full-width-at-half-maximum �FWHM� spot.
Terahertz radiation was focused on the sample to a near dif-
fraction limited spot �FWHM waist �300 �m at 1 THz�.
Thus the terahertz radiation probes conductivity over an area
of relatively uniform photon fluence �2.5�1011 cm−2. This
excitation density was chosen as it is typical of the densities
used in most terahertz TDS and imaging systems reported to
date. Furthermore, for this combination of fluence and ion-
implantation doses, the variation in the optical absorption
coefficient is expected to be negligible and therefore to fall
in the linear regime.34 The time resolved terahertz conduc-

tivity data from the four samples are shown in Fig. 3. These
conductivity data are independent of any particular model of
carrier dynamics in the bulk material and provide all the
information necessary to correct the spectral response of
PCDs fabricated from the measured materials. However for
our analysis of device performance, it is informative to ex-
tract simple parameters that do rely on modeling. As shown
by the dashed lines in Fig. 3, the initial decay of 
�t� was
monoexponential for all ion doses and can be fitted as


�t� = 
0e−t/�c, �3�

where 
0 is the peak photoconductivity of the sample and �c

is the photoconductivity lifetime. These parameters were ex-
tracted directly from the data presented in Fig. 3 by perform-
ing a least-squares exponential fit to the initial part of the
decay curves �Table II�.

In order to separate the mobility � and charge density n
from the raw conductivity data 
�t�=e��t�n�t�, we assumed
that the mobility was time-independent ��t�=�0. This is a
reasonable assumption for Drude-type semiconductors ex-
cited by photons with energies just above their band edge at
the excitation densities used in this study.29,35 Furthermore it
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FIG. 2. �Color online� Schematic diagram of the OPTPS system used to
measure time resolved photoconductivity. Here Vb is the bias voltage of a
square wave source that was applied across a photoconductive emitter. � /4
and WP label a quarter wave plate and Wollaston prism, respectively. The
same apparatus was converted to a standard terahertz TDS system by block-
ing the “pump beam” and replacing the electro-optic detection components
with a PCD.
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FIG. 3. �Color online� Conductivity of Fe ion-implanted InP measured using
OPTPS at various implantation doses. The dotted curves are exponential
decays fitted to the experimental data. Inset: simulated vacancy concentra-
tion �using SRIM software �Ref. 32�� for InP implanted with Fe+ ions at doses
1�1013 and 2.5�1012 cm−2 at 2.0 and 0.8 MeV, respectively, considering
99.9% of instantaneous vacancy anneal at implantation �room� temperature;
each dose generates a density of vacancies shown in circles �0.8 MeV� and
triangles �2 MeV�; the total vacancy profile is the sum of both contributions
�continuous line�.

TABLE I. Doses of Fe+ ions implanted into semi-insulating InP substrates
for each of the samples �A–D� used in this study. Ions were accelerated to
two different energies, 0.8 and 2.0 MeV, to improve the uniformity of va-
cancies as a function of depth into the InP substrate.

Dose at 2 MeV Dose at 0.8 eV
Sample �cm−2� �cm−2�

A 0 0
B 1�1013 2.5�1012

C 5�1014 1.25�1014

D 1�1016 2.5�1015
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has been shown that trapping of charge carriers at impurities
is the most important mechanism for reducing n after pulsed
photoexcitation.30 Therefore using our assumptions, �c is
also the characteristic trapping time for photocarriers. Thus
the effective electron mobility �0 was calculated from the
extracted value of 
0 and the initial photocarrier density. The
extracted values for all these parameters are listed in Table II.

In Fig. 3, it is clear that as the ion dose is increased, the
lifetime of the photoconductivity drops, but unfortunately
this is at the expense of a drop in the peak conductivity.
Sample B showed a good compromise between having a
short photoconductivity lifetime while maintaining a rela-
tively high peak photoconductivity. However, it can be seen
that the photoconductivity lifetime of sample B is
2.1�0.3 ps, which falls between the limits required for ei-
ther a “direct sampling” or an “integrating” PCD material.
Thus in a terahertz TDS system, the photocurrent measured
from a device fabricated from sample B would not be pro-
portional to the terahertz electric field or its integral.

V. DEVICE CHARACTERIZATION

Terahertz PCDs were fabricated from samples A, B, C,
and D. A bow-tie electrode geometry was chosen owing to its
relatively flat frequency response across the terahertz band.36

The devices were mounted on the OPTPS system described
previously. However for these experiments, the “pump” laser
beam was blocked, and the detection system was replaced by
bow-tie detectors �as shown in Fig. 2�. Thus the system mim-
icked a standard terahertz TDS system. The 0.4 nJ laser
pulses �focused on a �100 �m spot� were used to gate the
photoconductive receiver. The current between the terminals
of the photoconductive switch was recorded using a lock-in
amplifier with a time constant of 100 ms locked to the 20
kHz square wave that biased the terahertz emitter.

The raw photocurrent signal from the devices is shown
in Fig. 4�a�. Since the terahertz scans were recorded under
identical conditions for all three devices, it is possible to
compare their relative responsivities directly. It can be seen
that a PCD fabricated from the sample with the lowest im-
plantation dose gives the largest current response to the tera-
hertz transient, with the responsivity degrading with in-
creased ion dose. It was not possible to obtain a photocurrent
signal from the device fabricated on the unimplanted control
sample �A� owing to high noise levels.

It is informative to compare the response of the PCDs
with the material properties obtained from OPTPS. There is a

linear relation between the responsivity of a device and the
mobility of its substrate as illustrated in Fig. 4�b�. This result
is consistent with the linear relation between photocurrent
and mobility predicted by Eqs. �6� and �7�, which are pre-
sented in Sec. VI.

The primary sources of noise in a photoconductive re-
ceiver are Johnson–Nyquist37,38 and laser shot noise.18 Laser
shot noise is independent of the particular material or device;
therefore, here it is only important to consider Johnson–
Nyquist noise.10 The Johnson–Nyquist noise current IJ-N is
caused by thermal fluctuations of the charge carriers in a
material and may be expressed as

IJ-N =�4kBT�f

�R	
, �4�

where kB is Boltzmann’s constant, �f is the measurement
bandwidth, and �R	 is the time average resistance of the de-
vice operating at a temperature T. It is important to note that
the noise current is inversely proportional to the square root
of the average resistance of the device. Therefore, shorter
lifetime materials, which have a much larger average resis-
tivity when illuminated with femtosecond laser pulses,
should produce devices with a lower noise current.

An ideal PCD device would have a high current respon-
sivity and a low current noise. For ion-implanted materials
the current noise drops with increasing dose, but this is at the
expense of current responsivity. Thus it is important to opti-
mize materials in order to maximize device SNRs.

The SNR was calculated for each device �by the method
described in Ref. 10� and is plotted on a graph of material
parameters in Fig. 4�c�. An ideal material from which to
fabricate a PCD should have parameters corresponding to the
bottom right-hand corner of Fig. 4�c�. This is because the

TABLE II. The peak photoinduced conductivity 
0, conductivity lifetime �c,
and mobility �0 of the Fe+ ion-implanted semi-insulating InP samples de-
scribed in Table I. These parameters were extracted from the OPTPS data
presented in Fig. 3.

Sample

0

�−1 cm−1�
�c

�ps�
�0

��InP�

A 0.158�0.005 264.3�48 1.00�0.05
B 0.066�0.006 2.1�0.3 0.42�0.04
C 0.026�0.0005 0.8�0.1 0.16�0.01
D 0.025�0.0005 0.5�0.1 0.15�0.01
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FIG. 4. �Color online� �a� Raw photocurrent through bow-tie PCDs fabri-
cated from the InP: Fe+ materials: B �solid line�, C �dashed line�, and D
�dots� described in Table I. The data are shown as a function of the time
difference � between the arrival of a terahertz transient and a gating laser
pulse at the gap region of the PCD. �b� The relationship between the ampli-
tude of the signal shown in �a� and the mobility of the InP:Fe+ material
from which the PCDs were fabricated. �c� Representation of the relationship
between the materials properties �photocarrier lifetime and mobility� of the
PCD substrate and the SNR of the PCD.
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responsivity of a device is proportional to the mobility of its
substrate and its noise current is predicted to drop with pho-
toconductive lifetime. The measured values of SNR for the
devices �represented by the circle-radius on the figure� agree
with this analysis. Clearly the device fabricated from sample
B shows by far the best performance owing to its high re-
sponsivity and reasonable noise current. Such parameter
space maps are useful for optimizing materials without the
time-consuming process of fabricating and testing devices in
a terahertz TDS system.

VI. SEMICONDUCTOR RESPONSE AND
DECONVOLUTION

It is interesting, if not somewhat unfortunate, that the
materials which produce PCDs with the highest SNRs have
photoconductive lifetimes similar to the duration of a tera-
hertz transient. Thus the raw I��� output from these high-
performance devices cannot be immediately translated into
terahertz electric field data �Eterahertz�t�� by either a propor-
tionality constant or by differentiation. In this section we
demonstrate that the time resolved conductivity of a sub-
strate material is all the data that is required to correct for the
response of any PCD fabricated from that substrate.

As an illustration of this problem, the Fourier transforms
of the derivative of the raw photocurrent data in Fig. 4�a� are
presented in Fig. 5�a�. These differentiated data would be
proportional to the terahertz electric field if the device could
be classified as an “integrating” PCD. As the terahertz source
was identical when measuring each of the device, if correctly
reproduced, the terahertz spectra shown in Fig. 5�a� should
have been identical to each other. There is clearly a large
discrepancy between the spectral response of these devices.
However, using the raw OPTPS data, we are able to correct
for the spectral response of each detector as shown in Fig.
5�b�. The spectral response method that we have developed
is described below.

The current induced between the two contacts of the
photoconductive receiver may be expressed as18,19,39

I��� � �
−�

+�

Eterahertz�t�
�t − ��dt , �5�

where Eterahertz�t� is the effective40 electric field of the tera-
hertz transient at the PCD and 
��� is the time resolved
conductivity of the device substrate. Since a single OPTPS
measurement of a substrate material provides a direct mea-
surement of 
���, it is then possible to extract the form of the
terahertz transient Eterahertz�t� numerically for each photocur-
rent data set I��� measured by any PCD fabricated from that
material.

Although Eq. �5� contains all the information required to
correct the spectral response of a PCD, it is useful to develop
an approximate but fast deconvolution method. As shown in
the Appendix, Eq. �5� may be written as

I��� = ��
−�

+�

Eterahertz�t���t − ��dt , �6�

where

� =
�0ePGT12�

hc�
, �7�

��t� is the normalized time dependent conductivity, T12 is
the Fresnel transmission coefficient for light from a laser
gate beam of center wavelength �, waist of standard devia-
tion �, and average power PG entering the PCD from a
vacuum. Here e, h, and c are the electronic charge, Plank’s
constant, and the speed of light in a vacuum, respectively.

The physics of both the photogeneration and trapping of
carriers are contained in �. In the simplest approximation, a
�-function-like laser pulse and infinite trapping and recom-
bination lifetimes can be assumed. In this case � is a step
function and the electric field can be recovered simply by
differentiating both sides of this equation.

In reality � has a more complicated shape so a more
sophisticated approach is required. Equation �6� is a Fred-
holm integral equation of the first kind that can be seen as a
convolution, in the Fourier sense,41 of functions E and �. Its
solution is given by

Eterahertz�t� = �F−1
 F�I�
F���� , �8�

where F is the Fourier transform operator.
Since in most terahertz TDS systems the duration of the

laser pulse is much shorter than the terahertz transient to be
measured �t0�1 ps�, it is possible to approximate ��t� as

��t� � H�t�e−t/�c, �9�

where H is the unit step function. This approximation avoids
the need to numerically invert Eq. �8�; thus, the effective
terahertz electric field may be expressed in the simple ana-
lytic form

Eterahertz�t� = �F−1
F�I� 1

�c
+ i��� . �10�

This equation was used to deconvolve the terahertz sig-
nal Eterahertz�t� from the photocurrent data I��� presented in
Fig. 4. The deconvolved data from the three PCDs with
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FIG. 5. �Color online� Comparison of terahertz spectra calculated by �a�
differentiation and �b� deconvolution of the photocurrent data shown in Fig.
4�a�. The processed data are from PCDs fabricated on InP:Fe+ substrates B
�solid line�, C �dashed line�, and D �dots�, as described in Table I. The
spectra calculated by differentiation show strong dependence on the ion dose
while the deconvolved spectra show very similar curves for the three ion
implantation doses.
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widely varying material properties are shown in Fig. 5�b�.
The data sets overlap, illustrating the success of using the
OPTPS data to produce an accurate correction for the elec-
tronic response of a PCS. For comparison the spectra ob-
tained from a simple differentiation shown in Fig. 5�a� are
strongly dependent on which detector was used. In addition,
the corrected spectra shown in Fig. 5�b� give a good indica-
tion of the true spectrum40 emitted from the photoconductive
switch used in our experiments since the transfer function for
a bow-tie antenna has only a weak frequency dependence8

and since large �3 in.� reflective optics30 were used to focus
the terahertz pulses.

VII. CONCLUSION

We have used OPTPS to obtain time resolved data on the
photoinduced conductivity of ion-implanted InP. The ideal
materials for PCD applications have a short photogenerated
charge-carrier lifetime to minimize their noise current and a
high peak photoconductivity to maximize its responsivity.
When optimizing a material, a balance must be obtained be-
tween these two constraints. Apart from allowing materials
to be optimized before device fabrication, the time resolved
photoconductivity data also provide all the information re-
quired to correct for the spectral response of PCDs. Using a
deconvolution method, we have corrected the spectral re-
sponse of a range of PCDs. The methods presented are not
limited to InP materials and may be used to correct the spec-
tral response of PCDs fabricated on any material. Thus from
a single measurement of the time resolved conductivity of a
semiconductor, we have shown that it is possible to generate
a fast and convenient spectral response correction that can be
applied to any data set acquired from any PCD fabricated
from that semiconductor.

The authors would like to thank the EPSRC �UK� and
the Australian Research Council for supporting this work.

APPENDIX: DERIVATION OF PCD RESPONSE

The current generated between the two contacts of a
PCD is given by

I��� = R�
−�

+���
�

J�r,t,�� · dsdt , �A1�

where � is a surface separating the two contacts, R is the
laser’s repetition rate, and J�r , t ,�� is the current density gen-
erated by one laser pulse and one terahertz transient with
relative delay �. J depends on the conductivity of the sub-
strate and the electric field at each point

J�r,t,�� = �0en�r,t − ��Eterahertz�r,t� , �A2�

where, �0 is the semiconductor’s mobility, e is the electron
charge, n�r , t� is the charge carrier density, and Eterahertz�r , t�
is the effective terahertz electric field incident on the PCD.
Assuming that Eterahertz is spatially constant over the active
region of the photoconductive detector and also that the gat-
ing laser beam has a Gaussian spatial profile with standard
deviation �, the time domain shape of the terahertz single

cycle in the direction of the unit vector û parallel to ds will
be given by

E�t� = Eterahertz�0,t� · û �A3�

and n�r , t� by

n�r,t� =
PGT12�

Rhc�2���
exp
−

x2 + y2

�2 −
z

�
��t�� , �A4�

where ��t� is the temporal part of the conductivity response
of the semiconductor, T12 is the Fresnel transmission coeffi-
cient for light from a laser gate beam of center wavelength �,
absorption depth �, and average power PG entering the semi-
conductor substrate of the PCD from a vacuum. Here h is
Planck’s constant and c is the speed of light in a vacuum.

Therefore, the current measured though a PCD may be
expressed as

I��� =
�0ePGT12�

hc�
�

−�

+�

E�t���t − ��dt , �A5�

since

�0ePGT12�

hc�2���
��

�

exp−
x2 + y2

�2 −
z

�
�ds =

�0ePGT12�

hc�
.

�A6�
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