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Three-dimensional carrier-dynamics simulation of terahertz emission from photoconductive
switches
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A semi-classical Monte Carlo model for studying three-dimensional carrier dynamics in photoconductive
switches is presented. The model was used to simulate the process of photoexcitation in GaAs-based photo-
conductive antennas illuminated with pulses typical of mode-locked Ti:Sapphire lasers. We analyzed the power
and frequency bandwidth of THz radiation emitted from these devices as a function of bias voltage, pump
pulse duration and pump pulse location. We show that the mechanisms limiting the THz power emitted from
photoconductive switches fall into two regimes: when illuminated with short durétid® fs) laser pulses the
energy distribution of the Gaussian pulses constrains the emitted power, while fof>3et@fs pulses,
screening is the primary power-limiting mechanism. A discussion of the dynamics of bias field screening in the
gap region is presented. The emitted terahertz power was found to be enhanced when the exciting laser pulse
was in close proximity to the anode of the photoconductive emitter, in agreement with experimental results. We
show that this enhancement arises from the electric field distribution within the emitter combined with a
difference in the mobilities of electrons and holes.
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[. INTRODUCTION parallel metallic contacts are deposited on the surface of a
semiconductor, an external biasing voltage is applied be-
Over the last few years, interest in using far-infrared ra-tween these contacts and an ultrashort laser pulse is used to
diation as a noncontact probe of the properties of variougienerate photocarriers in the gap between the contacts. The
materials such as semiconductérésuperconductofséand  acceleration of these carriers by the external electric field
biological tissué® has grown considerably. This has been asgives rise to an electromagnetic emission according to Max-
a result of improvements in sourée8 and detectord of  well's equations.
terahertz(THz) frequency radiation, and the development of An understanding of the carrier dynamics in photocon-
novel spectroscopic methods such as time domaimuctive switches is of major importance in order to improve
spectroscopy?13 By recording the electric field of a single the bandwidth and power of these devices. Several theoreti-
cycle of terahertz radiation as function of time, the techniquecal and experimental studies have been performed to under-
of time domain spectroscopy is capable of extremely sensistand different aspects of the process of THz emission by
tive measurements, especially in the far-infrared band. Thi®CS. These works include the analysis of charge transport by
technique represents a particularly powerful tool for studyinghe use of rate equatiotfs®® and Drude-Lorentz model§:2°
the dynamics of weakly correlated systems in condenseth addition, the effect of dislocations on the emitted signal
matter physics, including excitons and Cooper pairs, whicthas been studied by the inclusion of reduced mobilities in
have binding energies observable in the THz region of theate equatior’s as well as experimentally measuring time
electromagnetic spectruff. domain THz traces and fitting them to simple charge trans-
Terahertz time domain spectroscopy relies on the abilityport models?? Also, TDS experiments using double pulses to
to produce pulses of THz radiation so short that they contairexcite the PC% have been performed to obtain information
only one or even half a cycle. Single-cycle THz pulses carabout the photogenerated carrier screening of the bias volt-
be generated by shining ultrashort laser pulses on bulk semage.
conductors such as InAs, GaAs and GaP. These pulses These models correctly predict most of the characteristics
contain a continuous and broad distribution of frequenciesof the observed THz signals, but have the disadvantage that
which can be exploited to perform spectroscopic studies ovgparameters such as mobility and carrier trapping time have to
a large portion of the spectrum. be adjusted phenomenologically to reproduce the details of
In bulk semiconductors single-cycle radiation can bethe experimental measurements. While such models have the
emitted via three mechanisms: the formation of an electricahdvantage that under certain circumstances they can be ana-
dipole due to the difference of mobilities between electrondytically solved, this possibility is limited by factors such as
and holegthe photo-Dember effextC optical rectificationt>  the geometry of the domain in which the equations can be
and the acceleration of charges under the surface depleti@olved, and in some cases the analysis has to be restricted to
field of a semiconductdf Photoconductive switchd®CS$  one or two dimension¥2224A Monte Carlo simulation for
are an attractive alternative to surface field semiconductorBCSs was recently publisi@dhat models the dynamics of a
emitters for the production of single-cycle THz radiatién. low density of electrons generated by small photon fluences.
These devices have been shown to produce broad bandwidtowever, it neglects the contribution of holes to the current
THz signals with high electric field intensitiésn a PCS two  density(see Sec. )l as well as the carrier-carrier scattering
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mechanism which has been found to dominate the total car- Neumann N
. . cumann
rier scattering raté® ¢

In this work a three-dimensional Monte Carlo model is
presented(Sec. I) that provides a powerful tool for the
analysis of the influence of parameters on carrier dynamics
and the evolution of variables in time. The effect of the ap-
plied bias voltagéSec. Ill) and pump pulse widtkSec. I\V)
on the emitted signal is analyzed. A discussion of electric
field screening is also presentésec. \J.

Y

<€— Neumann

Il. MONTE CARLO MODEL Neumann  Neumann

In this paper we extend the Monte Carlo model of Ref. 10 FIG. 1. (Color onling Diagram of the t_)(_)undary conditions used.
to simulate emission from PCSs. The model uses the curref” the planez=0 the boundary conditions are set as 0 for
density vectoi as source term of Maxwell's equations. The <10um, Vp for y>20 pm and Neumann boundary condition is
electric field is calculated by the use of the farfield approxi-""s‘sumed In the region Jom<y <20 um as well as on all other

. boundaries.
mation
E o aJ (1) using the central difference method. Initially the spatial dis-
THZ ™ gt tribution of extrinsic carriers is calculated, and the tempera-

i ) ] . ture distribution of these cold carriers is set according to
In order to obtain the current density vector, the simulation\ayxwell-Boltzman statistics. The simulation is run until

volume is divided into a three-dimensional rectangular gridcnarge distribution equilibrium is reached, prior to the pho-
and the displacement of each carrietectron or holgis  gexcitation process.

calculated over small time intervals, which are shorter than ppgtoexcited carriers are assumed to be generated accord-
the scattering times. In each time interval and sanaI box, thgang to the spatial and temporal intensity of a Gaussian laser
electric field is assumed to be constant and uniform and theBuIse absorbed in the sample. Random numbers are used to
the displacement of each carrier is calculated by assuming #5(culate the initial positions of each photogenerated

follows the solution of electron-hole pair. The distribution in the direction is
qE weighted exponentially as defined by the absorption coeffi-
r= T (2) cient of the light in the semiconductor. The initial energy of

the electron-hole pairs is the difference between the semicon-

with initial conditions given by its previous position and ve- ductor band gap and the photon energy, this energy is parti-
locity, wheref is the acceleration of the carrier with chage tioned between electrons and holes based on momentum
and effective maset in an electric fieldE. conservation. Photons are assumed to have the energy distri-

Although the simulation assumes parabolic band disperbution of a Gaussian puldghus spectral width in the simu-
sion, the inclusion of boti” and L valleys creates a more lation is calculated from the laser pulse duration parameter
realistic carrier ensemble. A set of quantum mechanical scatthe directions of the pairs of momentum vectors are initially
tering rates are calculated. Random numbers are used to d@ndomized with equal probability across 4teradians.
termine if each particle is scattered in each time step, the Thenetcurrent density vector is then calculated as
scattering angle and the energy loss. The scattering mecha-
nisms included are as follows: LO phonon absorption and )
emission within botH™ and L valleys, TO phonon emission J= E RUE
and absorption betweelh and L valleys, acoustic phonon, '
impurity and carrier-carrier scattering. Details of the imple-
mentation of these scattering mechanisms are described its derivative is calculated and with it the radiated electric
Ref. 10. field using the farfield approximatiofiq. (1)).

In each time interval the charge density is calculated for The parameters used in the simulation are taken from Ref.
each of the boxes in the spatial grid. This is then used to find0. These parameters are typical of insulating GdAs
the electric potentialy by numerically solving Poisson’'s n-type sample with a very low donor density @f=2
equation in three dimensions using a relaxation method withk 10'° cm™ was chosen A 4 pJ laser pulse with 1.am
Chebyshev acceleration. The boundary conditions for solvstandard deviation beamwaist was simulated, where the cen-
ing Poisson’s equation are set as follofi¥sy. 1): the poten-  ter wavelength of the laser pulse was chosen to be 800 nm
tial is fixed to zero on one third of the top surfa@e=0), (1.55 e\V). The domain of the simulation was 3fm
corresponding to one of the contacts, on the second third 0k 30 um X5 umX 2 ps, divided into a space grid of 64
the surface Neumann boundary conditions are assumed, and64x 32 and time intervals of 2fs. The distance between the
the potential is fixed t&, (the bias voltagein the final third.  contacts of the simulated photoconductive switch was
Neumann boundary conditions are also assumed on the oth&® um. One million pairs of pseudoparticles were used to
boundaries. The electric-field vectBr=-V ¢ is determined represent extrinsic and intrinsic electrons and holes.
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FIG. 3. (Color online Graph of full widths at half maximum
FIG. 2. (Color onling Graphs of the THz wavefornfupper  (circleg for 10 fs pump pulses as a function of the bias voltage
pane) for 10 fs pump pulses at different voltages, and their Fouriershowing the narrowing of the THz transient with voltage. The

transforms(lower panel. The width of the pulse decreases with power of the signal emitte@iriangle$ is also shown as a function
voltage and this effect gives as a result an increase of thef the applied voltage. The inset shows the evolution of the effec-
bandwidth. tive mass of electrons as a function of time for 0, 10, 20 and 30 V

of bias voltage.
I1l. BIAS VOLTAGE EFFECTS

Using the model described in the previous section we per@PProximation, it is not strictly true, as shown by the further
formed a study of the effect of applied bias voltage on emit-analysis of the fullmicroscopicsimulation(Sec. V).
ted THz power from GaAs PCSs. Since mode-locked Ti:Sap-
phire lasers are most commonly used in experiments we

chose pulse parameters typical of this type of laser. The The excitation pulse duration is one of the main variables

S|mqlat|on results presented in Flg(.a)_z show th(_a eﬁeqt of affecting the temporal widtand hence the frequency band-

altering the bias across a PCS. In this set of simulations the . : : )

. s width) of an emitted THz transient from a photoconductive

laser pulse duration was set to 10 fs, which is a pulse dura- . o A :

; . . ) X . N X . switch. This is primarily because the pulse duration deter-

tion easily achieved using chirped mirror Ti:Sapphire oscil-"_. Lk . )

. . mines the time interval over which photocarriers are gener-

lators. The THz pulse shortens at higher bias voltages as sl 1 and therefore the current rise time in a PCS. Here we
in Fig. 3, in which the FWHM of the pulses at different ' '

o . . resent a set of simulations where the excitation pulse dura-
voltages are plotted. This is because at higher applied volt: ™. ; ) ) - .
. on is varied over a range achievable using Ti:Sapphire la-
ages a greater number of electrons are transferred into the
o ; - sers(6 to 120 fs.
valley, resulting in a higher TO-phonon emission and absorp-

tion rate. As a consequence the average effective mass of t%(e) rllr; ;g.sﬁ;\?vi %fgg?agilgﬁ;oé :)/?ggu\f Il?izrn %lgsseeg#;ﬁ;‘t
electron population increasésee the inset in Fig.)3reduc- 9 :

ing the net electron mobility, thereby shortening the pulse.the THz fransient becomes narrower as the pump pulse gets

This effect has been observed in the experiments ofdtiu shortgr(Fig. 4@). In Fig. Ab) _the spectra Of. the time-
al2” In Fig. 2b) the Fourier transforms of Fig.(@ are domain pulses are shown. While the distributions for long

shown. These spectra broaden as the voltage increases, chk'—mp pulses~120 f3 S.hOV.V a§udden drop in spectral com-
duced by the shortening of the THz transient. ponents over 4 THz, distributions for short pulgeslO f9

The power emitted increases with the bias voltage, as sedrnt@in components over 8 THz. The distribution width at

in Fig. 3, and in agreement with the experimental measure-10 dB of the spectra is used as a measure of the bandwidth

ments of Ref. 27. This power enhancement is expected in 9f Signal generated in the PCS in Fig. 5. This plot shows how
simple macroscopicpicture. Taking the current vectal the bandwidth of the signal increases as the pump pulse

=oE,, with o being the switch’s conductivity ané, the  Shortens.

external bias field, assuming thg remain constant we get A Priori the power is not expected to depend significantly
Eqn, > 0, If the power is given by on the exciting pulse width, as the number of photons per
, :

pulse and the applied bias voltage are identical in the simu-
lation. In Fig. 5 the power is plottedriangles as a function

of the pump pulse width. Surprisingly a strong dependence
can be seen, with the power dropping for both over and
and sincgEy| = V,,, we end up withP =V, 2, which is consis-  under 40 fs pulses. The drop for under 40 fs pulses can be
tent with the quadraticlike behavior of power in Fig. 3. Note explainedmacroscopicallyby calculating the current density
that the assumption df,, being constant, while a good first vector, given by

IV. PULSEWIDTH EFFECTS

P o f |Eqpl? ot (4)
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lation output, and calculating the mobilitieg, and uy, from
the average effective mass, which is
Nprmp + N mg

= 6

Meft Np+ N, (6)

for electrons andm, for holes, the current vector can be
estimated, and with it the emitted pow&y and N, were
again extracted from the simulation. In Fig. 5 the dotted line
shows the expected power using this method; the drop in
power in the short pulse region approximately reproduces
that of the simulation. It can therefore be attributed to the
broadening of the energy distribution of the pump pulse as its
duration gets shorter, having as a consequence two main ef-
fects. First, the lower energy tail of the distribution falls be-
low the band-gap enerdgee the inset in Fig.)5resulting in
15 20 a smaller density of photocarriers generated. Second the high
energy tail of the pump pulse distribution contributes to the
FIG. 4. (Color onling Graphs of THz waveforméupper pandl power_r_eductio_n, since a larger numbe_r of_electrons are di-
for different widths of the pump pulse durations. The THz puIsereCtI_y |nject_ed into the L valleys, resulting n a larger elec-
sharpens as the pump pulse width becomes smaller. The spectratB?m'C effective mass and thus.a lower mobility. .
the previous signals is shown in the lower panel, there is a signifi- " Order to explain the drop in power for long pulses, it is

Electric field E(t) (arb. units)

—_

E(v) (arb. units)

10
Frequencyv (THz)

cant effect on the high frequency components. necessary to take into account the actual electric field acting
on the photogenerated carriers. This can be done by replac-
J = (newe + peuy)Ey,. (5) ing the electric fieldg, in Eq. (5) by an effective electric

) - ) field obtained by averaging the simulated electric field over
Taking the number densitiesandp to be proportional to the e size of the laser spét-+0.8 um from the center of the

total number of carriersl, andN;, extracted from the simu- pcgg gap and over~100 fs (the screening time: see Sec.
20 : : 20 V). The dashed line in Fig. 5 shows the power calculated
using this effective electric field. The good agreement be-
tween the simulations and this curve leads to the conclusion
that the drop in power for long pulses can be attributed to the

15p '15§ screening of the bias field.
= S V. SCREENING
L= |
510 110 = . o .
% - = The power and bandwidth of radiation emitted by a PCS
z Le® % g is influenced strongly by electric field screening effects.
~ '\ § B 0) =] Therefore it is not surprising that space-charge screening has

5 ’fs’ 21A) 5 3 been a major focus of models describing PCS emis$ion.

A g /D ) Even prior to photoexcitation of a PCS, the steady-state

distribution of extrinsic carriers around the electrodes must

, Energy ‘ be considered in order to determine the complete electric

10! 10 vector field within the active region of the PCS. In the
Pulse width (fs) present study this steady-state space-charge field is automati-

cally calculated(before the optical excitation process is

. e ) simulated by iterating the simulation over enough time steps

a function of the pump pulse widtfeircles at a bias voltage of i o equilibrium electric potential is reached. The form of

30 V. The width of the distribution increases as the pump pUISPthe screened electric field between the electrodes for an
decreases caused by carriers being photogenerated in a shorter Ple-

riod of time. The power of the signal emitted is also plottedt “ype GaAs PCS may be inferred from the gradient of the

angles as a function of the pump pulse duration, the dotted curvet:_1 ps trace in Fig. 6. It can be seen that the extrinsic

shows the power calculated taking into account the number of phoelectron dlstr|qu|on is such that the anode and cathode are
togenerated carriers and their effective mass, the dashed line isc€€ned to similar extents. _

cludes additionally the effective bias electric field. The inset is a_ Heré we focus on the role of space-charge screening dur-
schematic with two curvegot drawn to scaleof the energy dis-  INg and after the arrival of the pump pulse. On photoexcita-
tributions of a short and a long pulse) Are the photons with not  tion electron-hole pairs are generated within the high electric
enough energy to transfer carriers into the conduction bands B field gap region of a PCS. Charge separation produces a
the band-gap energy,)Gs the band-gap energy plus the L-valley dipole, resulting in the emission of THz radiation. However,
offset and D are the photons with enough energy to inject carriersthe resulting space-charge electric field opposes the applied

directly into the L valley field, thereby reducing the force experienced by carriers. It is

FIG. 5. (Color online Graph of the spectral width at =10 dB as
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FIG. 6. (Color online Graph of electric potential as function of ~ FIG. 7. (Color onling Simulation results showing “anode en-

x andt. The surface show the screening of the electric field in thehanced” THz emission(a) and (b) are contour plots of the change
gap region after the arrival of the pump pulset=0) as the sepa- in charge densityAp, for simulations where the laser pulse arrived
ration of electrons and holes form a dipole. near the cathodéx=-3 um) and anode(x=3 um), respectively.

Ap is the change in charge density betweer® to t=300 fs pro-
expected that this effect would be particularly significant fijected onto thex—y plane.Ap was averaged over all slices in the
carriers photoinjected in the center of the PCS gap at latedirection. A summary of 11 simulations is shown (ir) where the
times. peak THz electric fieldtriangles and FWHM ((circle are plotted

In Fig. 6 the simulated potential of the PCS is plottest  as a function of laser spot position.
z=0) as a function of thex position and time. Before the
arrival of the pulse(at 0 pg the gradient of the potential This effect is most easily illustrated by plotting the move-
shows a continuous and positixecomponent in the region ment of charge over the duration of the simulation. The con-
of the gap between the electrodes. After the injection of photour plots in Figs. 7a) and 7b) show the change in charge
tocarriers the potential considerably flattens in the centraflensity,Ap=p(300 f9-p(0 fs), as a function of the—y po-
part of the gap region, corresponding to screening of thesition of the 10um gap PCS. Plotéa) and(b) are extracted
electric field. from a simulation where the PCS was illuminated near the

It can be seen from Fig. 6 that an abrupt change in theathode and anode, respectively. It can be seen that the dis-
potential is present near the edges of the electrodes, whighlaced charge when the PCS is illuminated near the anode is
increases as a result of the photocarrier-induced screeningonsiderably larger.

Therefore, the gradient of the potential will have a large The enhancement effect can be understood in terms of the
component, implying a high electric field zone. If the photo-higher effective mobility of the photoinjected electron popu-
carriers are generated near the electrodes an enhancementaifon over the hole population. When photoexcitation occurs
the emitted signal may be expected. close to the anode electrortoles migrate into the high

Experimental studies have shown that the power emittedlow) field region(see Fig. 6. Therefore, in this case it is the
by a PCS may be enhanced by illuminating it asymmetri-more mobile charges that are affected by the higher electric
cally. The enhancement is greatest if the region illuminatedields. Thus when electron-hole pairs are generated near the
with the pump pulse is close to the edge of the anodenode the higher electron mobility results in an increase in
contact>?°3% This has important practical implications for the effective current density, and as a consequence a larger
the THz emitter design. amplitude THz electric field is emitted.

Such “anode-enhanced” THz emission has been explained The above explanation is somewhat simplified, as under
previously by a trap enhancement of the electric field neatypical electric fieldd”— L intervalley scattering will lead to
the anod& or by the presence of a high field region near thea drop in electron mobility. However, as the simulation con-
anode in the case of a Schottky contdlcHowever, experi-  siders intervalley scattering, all results presented here include
mental measuremenfssuggest that the asymmetry betweenthis additional effect.
two Ohmic electrodes may be attributed to the difference of A set of simulations were performed where the laser pulse
mobilities between electrons and holes. arrival position was varied across the Lfn gap of the PCS.

As discussed above, the simulation treats the case of PC& summary of these data is shown in Figc)Z where the
electrodes that are each screened to a similar extent befopeak electric field is plotted as a function of the distance of
photoexcitation. In reality, depending on the substrate anthe laser pulse from the center of the PCS gap. The peak THz
type of contacts, some asymmetry in this screening may exfield is enhanced by approximately 40% as the pulse ap-
ist. However, here we show that the presence of contagiroaches the edge of the anode. The field drops again nearer
asymmetry is not a necessary condition in order to observthe anode as a larger fraction of the laser beam waist is
“anode-enhanced” THz emission. incident outside the active region of the PCS. These results
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are consistent with previous experimental observatigfi$®  the exciting pulse, which starts to contain a significant num-

The widths of the Fourier transforms at —10 dB of the ber of photons with sub-band-gap and over L-valley gap en-
signal at different positions are also plotted in Fi¢c)71tis  ergies. This reduces the quantity of free photocarriers and
interesting to note that the bandwidth increases as the excincreases their average effective mass. The reduction in THz
tation nears the anode. This can be attributed to the fact thgiower for longer excitation pulses is explained by a decrease
in that region the electric field is greater, resulting in ain the bias field as a result of screening, since the photocar-
shorter THz transient, as discussed in Sec. lll. riers are injected over a longer period of time.

Finally, it is useful to characterize the time scale of space- The screening of the electric bias field was studied. It was
charge screening during the photoexcitation of a PCS, so th&ébund that the screening time is independent of the pump
the influence of pump-pulse duration on the THz emissiorpulses(for pulses under 100 fsimplying that the screening
process can be analyzed. We fitted an error function to théme is mainly dependent on the carrier dynamics and not on
x=%2.5 um position slices of the graph shown in Fig. 6 andtheir injection time on this time scale. The electric field was
chose to define the screening time as 2 standard deviations fifund to be screened over the gap between the electrodes of
that error function. The screening time for this simulationthe PCS, but not near the edges of the electrodes. This fact
was found to be~100 fs for all simulated pump pulses be- combined with the difference of mobilities of electrons and
tween 10 and 100 fs. This suggests that space-charge scredmles produces an increase in the peak THz electric field and
ing is dominated by the intrinsic dynamics of carriers in thea broadening in bandwidth when carriers are photo excited
semiconductor and it is not significantly affected by the carnear the anode edge.
rier generation time. In the future this model promises to be useful for testing
new PCS electrode designs and substrate matdf@iex-
ample low temperature grown GaAs or ion-implanted semi-
conductorgs For better correlation with experimental results

A semiclassical Monte Carlo model that simulates the carit would also be informative to couple a full three-
rier dynamics in a photoconductive switch was presenteddimensional electromagnetic simulation with the existing
The THz transient has been shown to narrow with the apcarrier dynamics simulation.
plied voltage, as well as to be strongly dependent on the
pulse width of the exciting laser. The emitted THz power was ACKNOWLEDGMENTS
also studied, and was found to have a maximum for pump The authors would like to thank the EPSRUOK) and the
pulses of 40 fs duration. A drop in power for shorter pulsesRoyal Society for financial support of this work. E.C.C.
was explained by a broadening in the energy distribution ofvishes to thank CONACy(México) for financial support.
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