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Polarity reversal of terahertz waves radiated from semi-insulating InP surfaces induced
by temperature
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The temperature dependence of the terah@tiz) radiation from semi-insulating InP surfaces excited by
ultrashort laser pulses has been studied in detail between 10 and 300 K. It is found that the electric field of the
radiated THz waves show opposite polarity at low and high temperatures for low-density excitation. The
temperature dependence is explained by the competing model of the drift and the diffusion currents. Good
agreement between the experimental results and the calculations based on the drift-diffusion model shows that
the dominant radiation mechanism is the current surge effect due to the surface electric field at high tempera-
tures and the photo-Dember effect at low temperatures.
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[. INTRODUCTION is, buildup of the Dember field due to the diffusion current
(Jgirus) associated with photogenerated electrons and
Terahertz(THz) radiation from semiconductor surfaces holes®! It is reported that the emission of THz waves from
excited by ultrashort laser pulses has attracted much attetiie surface of narrow band-gap semiconductors, which have
tion because it is used as a THz radiation source for variougreak surface electric fields, is due to the photo-Dember
applications and it provides other important information oneffect!? Very recently, Johnstoet al. reported a theoretical
the ultrafast dynamics of nonequilibrium carrier transport asstudy about THz radiation from GaAs and InAs surfates.
compared to conventional methotis® Studies on the appli- They showed that the radiation process for GaAs is primarily
cations of THz waves such as THz time-domain spectrosthe current surge effect while for InAs, the photo-Dember
copy (THz-TDS and imaging have been actively effectis primary. For the high-density excitation case, optical
conducted®~® Recently, the ultrafast dressing process of therectification was reported as the THz radiation mechanism,
charged particles in GaAs was clarified by analyzing the THavhich is associated with instantaneous polarization by the
wave forms® Detecting THz waves emitted from semicon- nonlinear optical effect’!> These radiation mechanisms co-
ductor surfaces, which provides information not only on theexist and their relative contribution is governed by the type
amplitude but also on the phase, enables the direct acquisif materials and the excitation conditions.
tion of information on nonequilibrium carrier transport with  In this work, we report the crossover of the dominant
a femtosecond time scale and some such studies have besdiation mechanisms from the current surge effect to the
reportecd®®1° Hu et al. and Leitenstorfeet al. have directly — photo-Dember effect for semi-insulatingl) InP with de-
observed the processes of the instantaneous polarization, bakeasing temperature from room temperature to 10 K. We
listic transport, carrier drift, and velocity overshoot in GaAs have used Fe-doped S| InP wit{E00) surface as a sample.
by observing THz wave forms:° Sl InP has a weak surface electric field compared-tand
THz radiation is understood as the emission from a smalp-type InP although it is a wide band-gap semiconductor as
electric dipole antenna induced by optical pulse excitationGaAs. To date, the enhancement of the radiation power with
The electric fieldEq,, of THz radiation in the far field is decreasing temperature was reported for some semiconduc-

given by tors and this is mainly explained by the temperature variation
of the static electron mobilit}-*1%-18The shape change of

dJ(t) THz wave forms with temperature for InSb has been re-
ETHz(t)“T’ (1) ported by Huet al. and they proposed that it is due to the

changes of the depletion width and complex conductivity
whereJ is the transient current induced by the optical pulsewith temperaturé.For the case of optical rectification, polar-
excitation. Equatior{1) shows that the amplitudE,, de- ity reversal of THz radiation with temperature has been re-
pends on the time derivative dfand the polarity of the THz ported for GaAs when the excitation laser energy is close to
wave is determined by the direction &f The current surge the band-gap enerdyThis result is interpreted by the sign
effect driven by the surface electric field was proposed as ahange of the second-order susceptibility for optical rectifi-
THz radiation mechanism for wide band-gap semiconductorsation due to the change of band-gap energy with tempera-
such as GaAs. The photoinjected electrons and holes are attre.
celerated in opposite directions by the surface electric field, We have studied the temperature dependence of THz ra-
causing the drift currentd(;) to flow.>* There is another diation from SI-InP surfaces for low- and high-density exci-
mechanism related to the optical generation of carriers, thaation in detail. The polarity reversal of the THz wave form
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FIG. 1. The wave forms of THz radiation from a SI-InP surface  FIG. 2. Temperature dependence of the peak amplitude at
at various temperatures féa) low-density excitation anéb) high- ~6 ps in Fig. 1 for(a) low-density excitation antb) high-density
density excitation. excitation.

IS obfﬁrvted at- 1?0 K dfor IO\(;v-denstl)ty egcna’gr(]) n. dv.\]fte dqflfs- . ferent. Especially, the wave forms for low-density excitation
cuss this temperature dependence based on the or-ailiusign,, opposite polarities at low and high temperatures, while

model and demonstrate that the dominant radiation meCh%ﬁose for high-density excitation have the same polarity

mfg; ?Q?ﬂge;hggl})tggg:rrrgf?é;u;??Osvﬁ,zcrtng;g?ur}etgmper%roughout all temperatures. It is seen that the widths of the
' wave forms in Fig. (b) are apparently narrower than those
in Fig. 1(a). This fact indicates that the observed radiation for
the high-density excitation case originates from the optical
A pump and probe technique was used in the measuréectification effe%, in which the_ process occurs almost
ment. A mode-locked Ti:sapphire laser delivered u|trashortns:tantaneousl'3‘/." This was confirmed by measuring the
light pulses of 100-fs duration with a central photon energy@Zimuthal angle dependence of the radiation amplitude at
of 1.55 eV at a pulse repetition rate of 82 MHz. The excita-foom temperature for the high-density excitation case. The
tion energy was higher than the band-gap energy of ing2 ~ temperature dependence of the peak amplitude at approxi-
eV at 1.6 K (Ref. 19 at all temperatures of the measurementMately ~6 ps in Fig. 1 is plotted in Fig. 2. It is confirmed
(10-300 K. The focused and unfocused pump pulses exthat t_he temperature'dependenmes of the square of the peak
cited the sample in a He-flow-type cryostat. The angle ofmplitude as shown in Figs(& and 2b) almost agree with
incidence was 45° with respect to the surface normal and thi0se of the radiated power obtained by numerically integrat-
excitation density I, on the sample surface was "9 the sqLIJare.of the radiation amp_h_tude in the time domain.
~1 Wicn? for low-density excitation and-10°® W/cn? for It is seen in Fig. fa) that the polarities of the wave forms
high-density excitation. The THz wave radiated from theShOW opposite signs above and below 140 K and the ampli-
sample surface passed through the quartz window of the crjt/de becomes very small at 140 K. With increasing tempera-
ostat and it was focused on a photoconductive antenna of %€ from 10 to 140 K, the peak amplitude decreases and the
detector by a pair of off-axis paraboloidal mirrors. The THz Polarity reversal occurs at 140 K. By increasing temperature
electric field was detected by a dipole-type Iow-temperaturefurtherv the peak amplitude mcreases.unul it reaches a maxi-
grown (LT) GaAs photoconductive antenffaThe electric Mum at 200 K, decreases, shows a dip-&50 K, and then
field of the THz wave was detected by the photoconductivdncreases again. This temperature dependence is consider-
antenna which was triggered by optical probe pulses wit@bly  different ~from  that = reported ~ for other
variable time delay. The detection frequency width of theSemiconductors:****"According to previous reports, THz
experimental system was estimated to-b8 THz, which radiation intensity increases monotonically with decreasing
corresponds to the time resolution of300 fs, from the (emperature and this is explained by the increase of the elec-
experimental results for high-density excitation stated later iffon mobility at low temperatures. However, our results at

II. EXPERIMENT

low-density excitation that the polarity reversal occurs at 140
the paper. ! ! '
K and the amplitude decreases with decreasing temperature
Il EXPERIMENTAL RESULTS AND DISCUSSION from 300 K cannot be explained only by the effect of the

electron mobility. In the paper by Het al.? a change of the
Figures 1a) and Xb) show the wave forms radiated from wave form radiated from tha-type InSb surface with tem-
S| InP at various temperatures for low-density excitationperature has been reported. The polarity changes with tem-
(lex~1 Wicn?)  and  high-density  excitation 1§, perature, but the change of the shape occurs continuously.
~10® Wicnr), respectively. The vertical scale in Fighlis ~ They reported that the absolute value of the amplitude in-
expanded 50 times as compared to that in Fig).1lt is  creases monotonically with decreasing temperature and does
clearly seen from these figures that the temperature depenot show a minimum at some temperature. This is very dif-
dence for low- and high-density excitation cases is quite different from our results. They interpreted this result as the
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change of the complex conductivity with temperature, which a . b e
affects the frequency-dependent transmittance of the TH: ®) - J prin ®) J Diffusion
wave from the sample to free space. In contrast, the absolut Electron

value of the amplitude becomes very small-al40 K in —o E ® Electron
our case, corresponding to the polarity reversal. This mini- ¢ { |~ e O —p

mum at~ 140 K cannot be explained by the change of the ¢__ Fe ° >
complex conductivity because the transmittance of the THz V¥ LeemTTTTTTT B o —»

wave, which depends on the free-carrier density, is expectel 2 Esurfa ° >
to increase monotonically due to the decrease of free-carrie - o —p

density with decreasing temperature. The effect of complex Hole E, ° >
conductivity with te?mperatLllre.is ruled out in our case be- O O —» Hole
cause the free-carrier density in Sl InP is very small as com- Surface Depletion Layer Suttace

pared to InSbh and the change of the free-carrier density with
temperature hardly affects the transmittance of the THz FIG. 3. The schematic flow @) the drift current 04,) and(b)
wave. Actually, we measured the temperature dependence the diffusion current {4i,) Near the surface of Sl InP after photo-
the transmittance of the THz wave in S| InP by using theexcitation.
THz-TDS technique. The results show that there is no sig-
nificant temperature dependence of the transmittance and the
frequency dependence of the transmittance is flat below @ence in Fig. &), we propose a crossover of the dominant
THz below 300 K. The peak amplitude for high-density ex-radiation mechanism from the current surge effect at high
citation in Fig. Zb) decreases monotonically with increasing temperaturegabove 140 K to the photo-Dember effect at
temperature. This dependence agrees with the results of prigw temperaturesbelow 140 K. According to Eq.(1), the
vious work by Zhang and JihThe enhancement at low tem- polarity of the THz wave is determined by the directionJof
peratures shown in Figs() and Zb) has been explained by which corresponds tdgi; for the current surge effect and
the increase of dephasing tifidhe spectrum(not shown  Jgius for the photo-Dember effect. FiguregaB and 3b)
for high-density excitation extends te-3 THz, which  show the schematic diagram of the flowXyfix andJggs in
should be limited by the detection width of the experimentalS! InP, respectivelyd i flows toward the inner region of the
system, while that for low-density excitation extends tosample due to the surface electric field whilgy,s flows
~1 THz. The spectral shape for high-density excitationtoward the sample surface due to the difference of the diffu-
shows almost no temperature dependence while that for lowsion speed between electrons and holes. According to this
density excitation shows a small but abrupt change at 140 Kexplanation, the polarities of the THz wave form for the
The widths of the spectra below 140 K are slightly broadcurrent surge effect and the photo-Dember effect are oppo-
compared to those above 140 K. These experimental resulgite. As stated before, the polarity of the wave form above
indicate that the radiation mechanism of the THz wave isl40 K is consistent with that expected fdy, and that be-
different at low- and high-density excitations. It is confirmedlow 140 K is consistent withlys,s. Enhancement of the
that optical rectification is the dominant radiation process forradiation amplitude at low temperatures has been reported
high-density excitation from the azimuthal angle dependencéor InSb for which, the main radiation mechanism is believed
as stated before. At low-density excitation, the radiatedo be the photo-Dember effet.For comparison, we mea-
waves show opposite polarity at low and high temperaturessured the temperature dependence of the THz wave radiated
and the radiation process as well as the temperature depefiom S| GaAs. The polarity reversal is not observed and the
dence for low-density excitation is discussed in relation topeak amplitude decreases as the temperature increases to
the photogenerated carrier dynamics below. ~150 K, reaches a minimum, and increases with increasing
The temperature dependence of THz radiationrfoand  temperature up to 300 K. The energy band near the surface
p-type InP, the carrier densities of which at room temperaturef SI-GaAs bends upwardh?? which is opposite to that for
are 2.5¢10' and 5.7 108 cm 3, respectively, at low- Sl InP. In this case, botdy; and Jg.s flow toward the
density excitation was measured for comparison. The polarisample surface and the polarity reversal of the THz wave
ties of the wave forms are opposite forandp-type InP and  cannot occur. The difference of the temperature dependence
polarity reversal was not observed for both types in the temfor Sl InP and S| GaAs could be explained by this consider-
perature range from 10 to 300 K. This is explained by theation.
fact that the band bending at the surfaces is upward for For a more quantitative analysis we conducted a theoret-
n-type InP and downward fgo-type InP. These results indi- ical calculation based on the drift-diffusion model for elec-
cate that the main radiation mechanismiielandp-type InP  trons and holes generated by photoexcitation with a femto-
is the current surge effect due to the surface electric field. Isecond time scal€®®* This model is the most simple
is reported that the band bending at the surface for SI InP iformulation of the Boltzmann transport equation and can be
downward as shown in Fig(&, which is the same gstype  applied when the relaxation-time approximation is vafidt
InP2222The polarity of the wave form for SI InP above 140 is known that the thermalization of photogenerated carriers
K is the same as that fop-type InP, suggesting that the occurs with a characteristic time 6f100 fs in our excitation
radiation mechanism above 140 K is the current surge effectonditions?® and this thermalization time is much smaller
To explain the polarity reversal and the temperature deperthan the time scale of our calculation. Therefore the drift-
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diffusion model is applicable for our calculation. This calcu-

lation is based on solving simultaneously the continuity

equation of the carriers and Poisson equation:

&Ni(z,t) Jd aNi(Z,t)
ST RP T ]
L
+ —AmEZONi(z,D)}, 2
aE(z,t)_ e _
e —%{Nh(z,t)—NG(z,t)—Na(Z.t)}. ()

whereG(z, t) is the optical generation tern; and w; (i
=e, hindicate electrons and holes, respectiyelge the dif-
fusion constant and the mobility of the carrier in theval-
ley, respectivelyN, (z, t) is the density of the ionized deep
acceptor, an@, €y, ande, are the electron charge, the static
dielectric permittivity, and the relative dielectric constant.
The spatial distribution of the carriel (z, t) and the elec-
tric field E (z, t) near the surfacez&0) were calculated

simultaneously. Subsequently, we obtained the radiated TH

wave formsEqy, from the second time derivative of the
dipole moment obtained froml; (z, t).

In this calculation, we used the diffusion const@ntand
the mobility u; of the carrier at thd” valley, the photoge-
nerated carrier density, and the static surface electric Eeld
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FIG. 4. The calculated temperature dependence of the electric
field at surfaceEg and depletion widthw.

creasing temperature. These results indicate that the direc-
ion of the band bending is downward at all temperatures
below 300 K, and exclude the possibility of the reversal of
direction of the surface electric field. The calculated tem-
perature dependence &f andw is shown in Fig. 4. This
figure shows thaEs andw increase with increasing tempera-

(z, 0) as parameters which depend on temperature. It i§re up to 300 K. The values andw are 9.3 kV/cm and
known that the electronic characteristics of the SI semicon0.64 um at 300 K, and 6.6 kv/cm and 0.45m at 10 K,
ductors are strongly affected by the deep donor or acceptofespectively.

We used values for which the doping density of the deep Fe The quantitiesw; andD; have the relationg;=er; /m

acceptor is 18 cm 2 and its level[eg, in Fig. 3a)] is

0.6-eV below the bottom of the conduction baf@B),’

while the shallow donor density is ¥ocm 3. The maxi-
mum electric fieldEg (E at the surfaceand the depletion
width w are given by the Schottky mod®#!:

2 NS 1/2
s ( iO Esd) ) , @
2 s 1/2

whereN; is the static total carrier density including the ion-
ized deep Fe acceptor, ardis the band-bending energy at
the surface. In the Schottky moddd, (z, 0) decreases lin-
early to zero withinw. ¢ corresponds to the difference be-
tween the surface and bulk Fermi levé&thiemical potential

andD;=kgT.7;/m; (Einstein relation wherer; is the scat-
tering time of the photogenerated carrier anfl is the ef-
fective mass at th&' valley. The high carrier temperatures
T.=1200 K at 300 K and’;=700 K at 10 K were assumed

in the time scale of the calculation since the excess energy of
the photoexcitation is distributed to the photogenerated car-
riers. The temperature dependencerpfwas estimated by
using the result of Ref. 28 and it is shown in Fig. 5. The solid
and dashed lines show the temperature dependence of
calculated by taking account of the effect of high( 7. with

T.) and that ofr, using the lattice temperature ds (7
without T.), respectively. The difference between the solid
and dashed lines in Fig. 5 at low temperatures, thatds,
with T increases with decreasing temperature whilvith-

out T. decreases with decreasing temperature below 100 K,
is due to the effect of the polar impurity scattering. The scat-

The surface Fermi level is pinned at the surface defect levekring time by the polar impurity scattering strongly depends

[ €getectin Fig. 3(@] which is located 0.45-eV below the bot-
tom of CB at all temperatures of the measurentérhe
temperature dependence of the bulk Fermi level ldgdvas
calculated using the Schockley pfdtThe Fermi level is

on the carrier energy, correspondingTg, and it increases
with increasingT.. The temperature dependencemgfwith

T. and the peak amplitude of the THz radiation at high-
density excitation as shown in Fig(l2 are very similar. It

determined so as to satisfy the neutral condition. The calcuwas reported that the THz radiation amplitude at high-

lations show thaNj is fixed to ~10'° cm™2 at all tempera-

density excitation depends on the dephasing fiffdese

tures of the measurement, and the bulk Fermi level at 10 K ifacts suggest that the THz radiation amplitude is not gov-

located neafe, and the position shifts to the lower-energy

erned byr, without T, but it is governed by, with T.. We

side with increasing temperature up to 300 K. The decreasased 7. with T. as the parameter for our calculation. The

of the bulk Fermi level corresponds to the increase afith

value of 7, at 300 K, which was mainly determined by LO
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structure. However, a certain discrepancy exists between the
FIG. 5. The calculated temperature dependence of the scatterirgkperiments and the calculations. The peak-&00 K in
time of the electronr,. The solid and dashed lines show the tem- Fig. 2(a) cannot be explained by our calculations. The origin
perature dependence of by taking account of the effect of the of this peak is unclear at present. Hot carrier effects in high
high T, (7 with T¢) and that ofr, using the lattice temperature as electric field such as impact ionization of the deep acceptor
T¢ (7 without T;), respectively. and drift velocity overshoot might affect the temperature de-
pendence around 200 K. The impact ionization increases the
phonon scattering, was 180 fs and that at 10 K, which was carrier density suddenly, resulting in an increase of THz ra-
mainly dominated by neutral impurity scattering, was diation intensity. The drift velocity overshoot decreases the
~450 fs. drift velocity at high electric field, which leads to a decrease
The THz wave radiated from the sample surface passe@f THz radiation intensity. It is reported that these effects in
through the quartz window of the cryostat and it was de@ quasiequilibrium state occur at the electric field of
tected by the photoconductive antenna. The effect of defor=10 kV/cm for SI InF° The calculated surface electric field
mations of the THz wave forms by passing through theis ~8 kV/cm at 200 K and this value is close to the critical
quartz window was calculated using the complex refractivevalue of 10 kv/cm for hot carrier effects. Therefore, there is
index of the window for the THz wave obtained by the THz- a possibility that the increase and decrease of the THz radia-
TDS measurement. The THz electric field detected by thdion amplitude near 200 K in Fig.(@) can be explained by
photoconductive antenna was calculated by the convolutiothe impact ionization and the drift overshoot associated with
of Ety, With the response function of the antenna, which isthe hot carrier effects, respectively. The THz radiation am-
affected by the generation and decay of the photogeneratgditude increases with increasing temperature near room tem-
carriers excited by the probe pufseThe rising shape of the perature as shown in Fig(& and a further increase is ex-
photogenerated carriers was obtained by the time integral gfected at higher temperatures from our calculation. Actually,
the Gaussian pulse of 100-fs width and the falling shape igve have confirmed the enhancement of the THz radiation
assumed to be the exponential with the time constant of 50emplitude for SI InP above room temperature, and THz ra-
fs, which is the carrier lifetime of the LT-GaAs film in the diation intensity at~400 K is more than three times larger
detector obtained by the reflection-type pump-probe meathan that at room temperature. Very recently, we reported the
surement. The response function of the antenna such as te@hancement of THz intensity for SI GaAs above room
impedance and resonance was not considered?fere. temperaturé?® It was shown that the THz radiation intensity
The calculated THz wave forms at 300 K and 10 K andfor SI GaAs at~500 K is more than 30 times larger than
the temperature dependence of the amplitude are shown that at room temperature.
Figs. §a) and @b), respectively. The resulting calculated  The temperaturel, at which the polarity reversal of
wave forms at 300 K and 10 K shown in Fig(a@ have THz wave forms occurs shown Figs(al and 2a) is deter-
different polarities with each other and they reproduce themined by a balance betwedq,; andJgs. The decreases
observed characteristics shown in Figa)lwell. The good of Eg andw shown in Fig. 4 contribute to the decrease of
agreement between the calculations and the experimentd)ir with decreasing temperature. The increaseo$hown
data supports our model that the dominant THz radiationn Fig. 5 contributes to the increase of batk; and Jgigus
mechanism from the Sl InP surface is the current surge effestith decreasing temperature. So we insist that the crossover
due to the surface electric field at high temperatures and thef Jyx and Jgi,s With temperature is mainly due to de-
photo-Dember effect at low temperatures. The difference ircreases oEg andw with decreasing temperature, which are
the widths of the wave forms between the experiment and@ffected by the doping density and the impurity level of the
the calculation is attributed to the assumption that we omitdeep impurity, as stated before. The surface electric field is
ted the effect of the impedance and resonance by the antensansitive to the surface condition because the change of the
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surface condition affects the surface Fermi level. Actually, itexcitation, while the monotonical increase of the amplitude
is confirmed thafl ., changes by changing the surface con-has been observed for high-density excitation with decreas-
dition with chemical etching. ing temperature. This difference of the temperature depen-
It is important to point out the difference between THz dence is explained by the different radiation mechanisms,
radiations fom- andp-type InP and that for SI-InP. As stated that is, optical rectification for high-density excitation and
before, the THz radiation fan- andp-type InP is emitted by generation of the transient current flow by photoexcitation
the current surge effect at all temperatures of the measurder low-density excitation. Polarity reversal for low-density
ment (10-300 K, because the magnitude of; excitation indicates the reversal of the sub-pico-second car-
~300 kV/cm for the doping density-10'® cm™2 is much  rier transport direction, which is caused by a crossover of the
larger thanE,~ 10 kV/cm for SI InP. However, the intensity radiation mechanisms associated with the drift and diffusion
of THz radiation for Sl InP is more than 100 times strongercurrents. The results of the calculation based on the drift-
than that forn- and p-type InP at room temperature. This is diffusion model support our explanation. We conclude that
explained by the transmittance of the THz wave at thethe dominant radiation mechanism for low-density excitation
sample surface. The transmittance of the THz wave for Sis the current surge effect due to the surface electric field at
InP is much higher than that far- and p-type InP because high temperatures and the photo-Dember effect at low tem-
the high free-carrier density reduces the transmittance in thperatures.
THz frequency range.
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