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We present a detailed investigation of the transient transport regime in InP at room temperature based on an
original method to solve humerically the coupled hot-phonon—hot-carrier time-dependent Boltzmann equations
for the case of a steplike high dc electric field pulse. The method enables a study of the perturbation of the
phonon distribution function induced by hot carriers and the corresponding modifications of the carrier distri-
bution function. The numerical accuracy of the method is far beyond other existing methods, and, as a
consequence, the time behavior of the main transport parameters can be resolved in great detail. The presence
of nonequilibrium phonons is found to be responsible for an overall increase in the time duration of the
transient regime. Modifications in the time evolution of the main transport parameters are also observed; in
particular, the carrier drift velocity exhibits a second overshoot for electric fields near the threshold value for
negative differential mobility. The sensitivity of the results to the value of the phonon relaxation time is also
discussed.

[. INTRODUCTION first time in Ref. 19 by means of a Monte Carlo simulation of
the response of the coupled carrier-phonon system to a step-
The study of nonequilibrium phonon distributions and like onset of a high dc electric field. Nevertheless, a system-
their related effect on kinetic coefficients has become a quitatic investigation of the effect of a nonequilibrium phonon
established subject in modern solid-state théofy.As a  population on the carrier distribution functi¢6@DF) and the
matter of fact, the energy transferred from an external permain transport parameters is still lacking in the literature.
turbation, such as an intense light pu(leser excitationor a In this paper we present a detailed investigation of the
high electric field(nonohmic transpoyt to a semiconductor transient transport regime in InP at room temperature.
is known to drive the carrier system far from its equilibrium  The paper is organized as follows. Section Il deals with
(hot-carrier phenomen&’ If this energy is mainly dissipated the theoretical model, first presenting the system of coupled
through phonon emission, then the phonon population cahot-phonon—hot-carrier Boltzmann equatiod8E) and
deviate from its thermal equilibrium valu&ot-phonon phe-  thereafter discussing the main problems related to the opti-
nomena In particular, the phonon distribution function mization of the numerical code used to solve it. In Sec. IlI
(PDP can be significantly perturbed when the carrier scatwe provide a validation of the present method by comparing
tering rate with that particular type of phonons is comparablgts results for the asymptotic time regime with those obtained
to the thermalization rates of these phonémsnong cubic  py direct solution of the coupled BE under steady-state con-
semiconductors, IlI-V compounds are the most suitable magitions. In Sec. IV we present the results concerning the
terials to evidence the presence of hot phonons through thepr, the PDF, and finally those related to the main transport
amplification of longitudinal-optica(LO) phonons, since in parameters, that is, the mean drift-velocity and energy and

these semiconductors the polar-optic carrier-LO phonon couhe valley populations. Some conclusions are drawn in Sec.
plings are strong and the time constants related to the estaty-

lishment of phonon thermal equilibrium are sufficiently long.
The influence of hot phonons on carrier transport param-

eters in polar semiconductors has been theoretically studied

. . . . . h Il. THEORY

in relation with nonohmic transport in bulk material and

quantum wells®?° |aser photoexcitatiotf?> and noise In this section we present the system of coupled hot-

phenomend3~%In what concerns the transient transport re-phonon—hot-carrier BE which will be solved by means of a
gime, the influence associated with the presence of highlyjwumerical simulation. Then, some problems related to the
nonequilibrium optical phonons has been investigated for theptimization of the numerical code are discussed.
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A. The system of coupled Boltzmann equations To
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To take into account the perturbation of the LO phonon -~ 0.6 w4, -1 0.3% wqp -

population, it is convenient to write the time-dependent BE ~ 1+ ex KT, -1 +|ex KT, -1

for the CDFf(k,t) in the following form: (6)

af(k,t)
at

Its zero-temperature limity, for GaAs, has been found to be
in the range 8—-20 pRefs. 5 and 27-30% w,, denotes the

. LO-phonon energy anl g the Boltzmann’s constant.
Here,C,, is the collision operator associated with polar-optic ~ The main task is now to solve the system of coupled
LO-phonon scattering an@,en, is the operator including the €duations(1) and(3). To do that, we have devised the fol-
external field term and the remaining scattering mechanism4QWwing iterative procedure. o _

i.e., acoustic deformation potential, piezoelectric, impurity, (i) The CDF and PDF at thermal equilibrium are intro-
and all symmetry-allowed intervalley and intravalley nonpo-duced in Egs(1) and (3), thus calculatind of (k,t)/dt]i—o

lar optical phonon scatterings. Neglecting degeneracy, thand[dN(a,t)/dt]i—o, just at the onset of the external field at
second term in the right-hand sideh.s) of Eq. (1) can be t=0.

=Crenf (K,) + Cpof (K, ). (1)

written as (i) From the knowledge of the above quantities we deter-
mine f(k,At) and N(qg,At) by a predictor-corrector
. . f(k,t) method®!
Cpof(k,t):CF’,of(k,t)— W (2 (iii) The new CDF and PDF at tim&t are introduced in
Tpo Egs. (1) and (3), thus calculating[ of (k,t)/dt];=; and

o - : [IN(q,t)/t]i—a¢-
where Cy, is the input term for LO—phonqn scattering and (iv) From the knowledge of these quantities we determine
[f(k,t)/ (k)] the output term, H,(k) being the rate for f(k,2At) andN(q,2At)

carrier-LO-phonon scattering. The detailed .expressions for (v) Steps(iii) and (iv) are iteratively repeated until the
the above operator§ and rate can be found in Ref. 20. stationary regime is reached.

We remark that(i) Cp, depends on the PDF and, as a
consequence, E@l) becomes nonlinear and time dependent
since the deviation of the PDF from its thermal-equilibrium B. Numerical simulation
value depends on the instantaneous field-dependent nonequi- The self-consistent solution of the system of coupled Egs.
librium carrier distribution;(ii) since carrier-carrier interac- (1) and (3) presents several numerical problems. In the
tions and genel’ation-recombination processes with their inpresent case, the Operator associated with the carrier-LO-
herent higher-order density dependencies are neglectefhonon interaction depends on the PDF, which, as already
Ciemis a linear operator and therefore its associated matrix igtated in Sec. llIA, is a time-dependent quantity; therefore,

independent of time. Cpo Must be recalculated at each time step. Furthermore, the
The time-dependent phonon BE gives the evolution of thenclusion of the BE for the time evolution of the PDF is
PDFN(q,t) according to found to significantly increase the duration of the transient
regime. We shall come back to this aspect in the following.
dN(qg,t) | dN(q,t) dN(q,t) This makes it imperative to optimize the numerical algo-
| at Ca"+ L 3 rithms in order to save computer time. Let us briefly describe

this optimization procedure.

where the former term in the r.h.s. of E@) represents the ~ Conceming the carrier BE, we notice that Ef) can be

rate of change due to phonon-carrier interaction and the latté}Titten in matrix form as

term represents the rate of change due to phonon relaxation

toward thermodynamic equilibrium with the lattice tempera- [(?f
at

1
ture T, . These two terms can be written more explicitly as T

=[Clrend F1+[C"1pd f1+| —I[f], @)

TpO

2 - where[ C' ], and[ 1/7,,] are the matrices associated with the

=CpN(a,1) = DpiN(a, ), (4) LO-phonon scattering operator depending on time through
car the PDF, and Cl,em is_the time-independent matrix associ-

ated with the operatdC,.,,. The calculation of the first two

(5) matrices is the part of the program which requires most of
TL the computer time. Indeed, since the time duration of the
R R transient regime is of about 20 ps and the time step of the
whereC,, andD,,, are the gain and loss operators related tosimulation is typicallyAt=1fs, this calculation must be per-
emission and absorption of phonons by carriers, respectivelyprmed about X 10* times. To try to avoid such a numerical
N, is the thermal-equilibrium Planck distribution, andthe  expenditure, we have verified that the increase in the time
phonon relaxation time. The latter can be obtained through duration of the transient is due to the slow time variation of
spectroscopically fitted two-channel-decay formifildor  the PDF with respect to that of the CDF. Therefore, the time-
GaAs, assuming a similar LO-phonon decay dynamics fodependent matrices have been recalculaiely when the
InP: PDF has undergone a significant variati@bout 1%. As a

dN(q,t)
ot

[aN(q,t)} __[N(@,H) =N ]
Jt latt ’
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consequence, the calculation of the time-dependent matrices

5
is typically performed each 2Qt, thus significantly reduc- =
ing the computation time. 2
Concerning the phonon BE, we remark that B.can be E B = 50 kViem (L)
more explicitly written as 28 E = 20 kViem ()
NQb _ ZQffktc k)dk [[N(g,t)+1 =
0 == . .
2Q) N(q,t) 16 8 0 8 16
—[ﬁjkf(k,t)[)(q,k)dk}N(q,t)—T—L K, (103m™!
+ ﬁ, (8) FIG. 1. Carrier distribution functions f(k,)=f(k,=0,
7L ky=0, k) in theI" and L valleys as functions ok, along the

where Q) is the crystal volume, the first term on the r.h.s, €lectric field in InP forT, =300 K, Np=10"" cm*, and the re-
corresponds toCyN(q,t), and the second term to ported ele_ctrlc fields. The con_tlnuo_us lines refer to calculations per-
~ . . . formed with the stationary iterative methddRef. 20 and the

DpnN(a,1),C(a,k) and D(q,k) being appropriate functions j,qheq fines to calculations performed with the presently developed
whose explicit expressions can be found in Ref. 20. By adynsjent iterative method at 20 ps from the beginning of the dc field

justing the different terms in Eq8), we obtain pulse.
M — [LQOTJ f(k,t)A(q'k)dk} N(q,t) take advantage of the use of cylindrical symmetry. The simu-
at 87 Jk lation includes the following intra- and intervalley scattering

N(qt) N mechanisms: acoustic deformation potenti@h elastic

@b . -t approximation, >3~ acoustic piezoelectric (in elastic

ut us approximation,*®~*8polar optical?®*“%onized-impurity(in

(9) the Brooks-Herring approximation including a screened

_ Coulomb potentiaf:=*® and nonpolar intervalley
where A(q,k) =C(q,k) = D(q,k). The two integrals on the scattering"**> The zero-temperature LO-phonon relaxation
r.n.s. of Eq.(9) can be performed by discretizing the valuestime r,, extrapolated from measurements on GaAs, has been
of g andk in (q,k)-space, thus obtaining taken equal to 16 p¥ From this choice ofr, and for
oN(g 1) [ 20 T,.=300 K andf w o=43.2 meV, we obtairnr =5.8 ps.

P ) a,»f(kj,t>A<qi,kj>}N<qi,t>

+2ijk C(qg,k)dk
ﬁk(,t) (q,k)dk—

Ill. VALIDATION OF THE METHOD

N(g; 1) + & To check the validity of the numerical procedure illus-
L trated in the previous section, we have performed a compari-
(10) son between the results obtained with the present method for
a time longer than the duration of the transient and the results

where o; and y; are appropriate coefficients. With a more gptained by directly solving the system of coupled hot-

20}
+ g2 ik 0C(a k) -

compact notation we can write phonon—hot-carrier BE under stationary conditiéh®’

N (t N N Figure 1 reports the CDF in thE andL valleys for the
L(): > E;if _ > Fif _ﬂ ot two electric fields of 20 and 50 kV/cm, both above the
Eijfj (1) [Ni(t) + 2 Fijfj(t) +—. A . >

at ] i TL TL threshold value for negative differential mobility of about 10

(11)  kV/cm. Due to the presence of the high electric field, in both
alleys the CDF exhibits various structures related to the

The coefficients;; andF;; are independent of the CDF and Ve . : . .
ifferent microscopic scattering mechanisms: As a matter of

therefore independent of time: This enables us to calculat . . .
the matrice§ E] and[F] only once at the beginning of the act, the kmk; of thg CDF in thé' valley at .h'g.h|k2| are
simulation, thus saving another significant amount of Comgssomat_ed W'th_ the intervalley phonons, yvh|le Its maximum
puter time. is associated with the LO-_ph(_)nor_1 scattering as the dominant
By using the optimization procedures described above"omentum- and energy-dissipation mechanism.
the CPU time of a typical simulation is reduced from 120 h Fl_gure 2. reports the PDF at three d[fferent electric f[elds
to about 6 h. obtained with the two methods. Following the expectations,
we observe that the perturbation of the PDF increases with
increasing electric field strength. In agreement with previous
studiest®~20%?the region at the smallest phonon wave vec-
The theory is applied to the caserotype InP at tempera- torsq is not modified, while the distortion of the CDF at high
ture T,=300 K, with a doping concentratiolp=10'"  k values related to intervalley transfer has been found to be
cm 3, using the same material parameters as reported in Agesponsible for the appearance of two narrow peaks in the
pendix B of Ref. 20. Two types of spherical and nonpara-PDF at lowq values,(the peak in the positivg region being
bolic valleys " andL) are taken into accoutftso that we higher than the peak in the negatigeregion due to the

C. Physical model
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FIG. 3. Average drift velocity and average carrier energy as
10 (b) functions of the electric field in InP foff, =300 K, Np=10"
cm 3, computed with nonequilibrium phonons. The stars and the
E=50kV/em ] continuous line refer to calculations performed with the stationary
i iterative methodRef. 20 and the open circles and the dashed line
Zs5t to calculations performed with the presently developed transient
z iterative method at 20 ps from the beginning of the dc field pulse.
A. Carrier distribution function
0 : = When studying the transient regime, carriers are initially
-15 -10 -5 0 5 10 15 taken at thermal equilibrium. Then, under the application of
q,(108m™) ' an external electric field, they begin to evolve by populating

higher energy regions. Figures 4 and 5 report the CDF in the

FIG. 2. Phonon distribution functiohl(q,)=N(q,6=0) as a I andL valley, respectively, at different times from the be-
function of g, along the electric field in InP foff,=300 K,  9inning of the transient and for an applied electric field of 10
Np=10Y cm~3. The continuous lines refer to calculations per- KV/cm, which is the threshold field for negative differential
formed with the stationary iterative methd®ef. 20 and the  Mobility in InP. Previous studies have evidenced that in this
dashed lines to calculations performed with the presently developetegion the effect of hot phonons is more pronounteho-
transient iterative method at 20 ps from the beginning of the dc fieldion amplification is strictly related to a relative increase of
pulse.(@) E=5 and 10 kV/cm;(b) E=50 kV/cm. phonon emissions over absorption. For this to occur, the

CDF has also to be different from the distribution function at

higher values of the CDF in the positide region.?® The  thermal equilibrium. As the phonon disturbance scales with
third and wider peak observed in FiglaR at larger positive the hot-carrier density, even a relatively weak field is suffi-
q values is associated wit the overall heating of the CDF; bycient to perturb the PDF provided the doping concentrations
increasing the electric field strength, this peak shifts toare high enough. Since some time is required to shift the
smaller q values until merging with the nearest one, asPDF from its equilibrium value, we notice that for times
shown in Fig. 2b). We note the excellent agreement betweershorter than 0.4 ps no difference is observed between the
the CDF and the PDF obtained with the two different meth-values of the CDRcontinuous linesand those obtained as-
ods which validates the present numerical procedure. suming phonons to be at thermal equilibriddashed lines

From the knowledge of the CDF we have evaluated thd~or times longer than 0.4 ps the two CDF begin to differ, the
two transport parameters, carrier drift-velocity and energydifference becoming more evident at increasing times. Since
which are reported in Fig. 3. It is evident that the generaffor the electric field of 10 kV/cm the presence of nonequi-
agreement found for the CDF in the whole range of electridibrium phonons increases thigto L transfer’® the I valley
fields reflects itself on a general agreement concerning th€DF in the presence of hot phonons takes values lower than
different transport parameters which are obtained as integraf§ose without hot phonori&ig 4(b)], while the opposite be-
of the CDF. The same good agreement has been found al$@vior is exhibited by the CDF in the valley [Fig. 5b)].
on thel'- andL-valley populations. We notice also that the presence of a nonequilibrium phonon
population is responsible for an increase in the time duration
of the transient: This is clearly shown in Figgb#and §b).
As a matter of fact, while the CDF calculated without hot

Taking advantage of the above agreement, we can nowhonons reaches the stationary regime in about 4 ps, the
investigate in detail the results under transient regime. WE&EDF calculated with hot phonons is still evolving after a
first present the results concerning the CDF and the PDRime of 8 ps[see Figs. &) and b)]. We have verified that
Thereafter, we discuss the results related to the main tranghe duration of the transient in the presence of nonequilib-
port parameters, i.e., drift-velocity, energy, and valley popu+ium phonons reaches about 20 ps. Furthermore, we notice
lations. To better evidence the effect of the nonequilibriumthat the presence of hot phonons is found to be responsible
phonons, in all cases the results assuming phonons at thernfal the suppression of the forward peak in the CDF of the
equilibrium are shown as well. Finally, the effect of the I" valley[see Fig. 4b)]. The reason is that the initial CDF is
choice of the phonon relaxation time is discussed. peaked at energies below the LO-phonon-emission threshold,

IV. RESULTS UNDER TRANSIENT REGIME



9890 J. C. VAISSIEREzet al. 53

150 |+

100 |-

-26

f(K, )(10  arb. units)
32

K, )10 arb.. units)

50 -

-1.5 -1.0 1.5

(b)
60 |

fK, )(10° arb. units)
-26

f(K, )(10 arb. units)

20 -

-1.5

k,(10°m™)

FIG. 4. Carrier distribution functionf (k) =f(k,=0, k,=0, FIG. 5. Carrier distribution functioffi(k,) = f(k,=0, k,=0k,)

k,) as a function ok, aloglg thfaaelectric field, in thE vglley of InP,  as a function ok, along the electric field, in the valley of InP, for
for T =300 K,Np=10"" cm™?, and the reported times after the T =300 K, N, =10 cm~2, and the reported times from the be-

beginning of the dc field pulse. The solid lines refer to calculationsginning of the dc field pulse. The solid lines refer to calculations
taking into account nonequilibrium phonons and the dashed lines tgaking into account nonequilibrium phonons and the dashed lines to
calculations performed assuming phonons to be a thermal equilibzajculations performed assuming phonons to be at thermal equilib-

rium. () Carrier distribution function a=0.1, 0.2, and 0.4 p$h)  rium. (a) Carrier distribution function at<0.2 and at 0.4 pstb)
carrier distribution function at=1, 2, 4, and 8 ps. carrier distribution function at=1, 2, 4 and 8 ps.

which, after the phonon buildup, leads to a pronouncedghonon wave vector and the electric field. Note that in Figs.
depletion of these carrier states by phonon reabsorption.6(a) and Gb) the different curves contain different vertical
No significant change is observed in the shape of the CDF iscales; in order to demonstrate the direct time evolution of
theL valleys[see Fig. )], due to the much broader carrier the PDF, Fig. €c) shows a cut of the PDF along the direction

population of these band minima. of the electric field, i.e.N(g,)=N(q,6=0) for different
times. The perturbation of the PDF is related to the displace-
o ) ment of carriers in the high-energy region. At the shortest
B. Phonon distribution function

times from the beginning of the transient, the CDF is ballis-
Figures 6a)—6(c) report the results of the PDF at different tically displaced under the action of the electric field; as a

times from the beginning of the transient and for an electricconsequence, the PDF develops a peak at small posjiive

field of 10 kV/icm. Figures @ and b) show a three- associated with the phonons emitted by carriers at high en-
dimensional plot of the PDR(q, #), whereq is the modulus ergy. This peak progressively increases with time due to the
of the phonon wave vector andl is the angle between the enhanced LO-phonon emission by carriers. We notice that
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FIG. 6. Phonon distribution functiorN(q,6) in InP, for
T,.=300 K,Np=10'" cm™3, E=10 kV/cm, and the reported times
from the beginning of the dc field pulsé) refers to the phonon
distribution functionN(q,) =N(q, §=0) for the phonon wave vec-

tor along the electric field.

the shape of the PDF is quite asymmetric at short tiffég
6(a)], this asymmetry decreasing at increasing tirfieig).

functions of time obtained with phonons at thermal equilib-
rium (dotted curvesand take phonon disturbances into ac-
count(continuous curves

Figures Ta)—7(c) report the results for the drift velocity
in theT" valley andL valley and the average drift velocity for
three electric fields of 5, 10, and 20 kV/cm. At the shortest
times (0.4 p9 there is practically no difference between
the values of the drift velocity obtained with and without hot
phonons; this is related to the fact that some time is required
for the perturbation of the PDF to develop after the CDF has
deviated from its standard evolution under the condition of
phonons at thermal equilibriuisee Figs. 4 and)5Thereaf-
ter, a modification in the time evolution of the drift velocity
is observed, which finally leads to the difference of the val-
ues in the stationary regime already discussed in Se(sd#
Fig. 3. Since phonons are mainly absorbed by carriers hav-
ing their velocity in the direction of the electric fieffljn the
case of high electric fields the intervalley transfer is in-
creased by the interplay between an LO-phonon absorption
by carriers just below the intervalley-scattering threshold and
an immediately followind-L scattering; as a consequence,
the overall drift velocity tends to decrease. In the case of
small electric fields the nonequilibrium-phonon-induced in-
crease of the mean drift velocityr in the I" valley is not
overcompensated by intervalley transfers, thus producing a
continuous increase of the mean drift velocity. An interesting
effect is noticed in the transient regime of [Fig. 7(a)],
where, for an intermediate electric field of 10 kV/cm, a sec-
ond overshoot is observed which reaches its maximum at
times around 2 ps. This second overshoot can be ascribed to
the following mechanism: As the net increase of LO-phonon
reabsorption is due to carriers at the bottom of the band
(below the phonon-emission threshpldhis results in an
overpopulation of carrier states with forwakdsector due to
the reabsorption of LO phonons with the wave vector paral-
lel to the field direction. A rough estimate of the time it takes
the field to carry these statesleL -transfer threshold region
gives 3 ps, in agreement with the position of the second
overshoot in Fig. ®). For times much longer than 2 ps the
asymmetry in the perturbed PDF is reduced, as already dis-
cussed in Sec. IV Bsee Fig. 6. We notice that the transient
regime of the drift velocity, in theL valley is not signifi-
cantly modified by the presence of hot phonons apart from
the difference in the stationary values. The small overshoot
at the shortest times in Fig(h) is related to a small amount
of I'-L transfer during the first time steps when the carrier
concentration in these valleys is still the very small equilib-
rium one(about 10 8%).4” We observe that the time evolu-

6(b)]. This can be explained by comparing the PDF with thetion of the average drift velocity reported in Figic follows
corresponding CDF reported in Figs. 4 and 5: As a matter ofearly that ofvy except for the highest electric field of 20
fact, for short times, the CDF is quite asymmetric since thgn//cm where, due to the enhancement of thealley popu-
presence of the electric field produces mostly a rigid diSyation, the difference between the time evolution of the drift
placement of the CDF. At longer times, when scatteringSye|ocity with and without hot phonons is reduced.

begin to take place, the CDF becomes more distributed in Figure 8 reports the results of the carrier energy in the

k space, thus reducing the asymmetry in the PDF.

C. Transport parameters

I' valley [Fig. 8@)], in theL valley[Fig. 8b)], and the total
[Fig. 8(c)] for the same electric fields of Fig. 7. Also in this
case the presence of nonequilibrium phonons is found to be
responsible for modifications in the time evolution in the

To investigate the effect of nonequilibrium phonons ontransient regime. As already noticed for the case of the drift
transport parameters in the transient regime, Figs. 7—9 convelocity, these modifications appear after the time required
pare mean drift velocities, energies and valley populations afor the perturbation of the PDF to take place. After the initial
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FIG. 7. Mean carrier drift velocity as a function of time in InP, for FIG. 8. Mean carrier energy as a function of time in InP, Tpr= 300 K,

T_.=300 K,Np=10" cm~3, and the reported electric fields. The solid lines Np=10'" cm~2, and the reported electric fields. The solid lines refer to
refer to calculations taking into account nonequilibrium phonons and thecalculations taking into account nonequilibrium phonons and the dashed
dashed lines to calculations performed assuming phonons to be at thermiahes to calculations performed assuming phonons to be at thermal equilib-
equilibrium. (a) Mean drift velocity in thel’ valley; (b) mean drift velocity rium. (@) Mean energy in thd" valley; (b) mean energy in the valley; (c)

in the L valley; (c) average mean drift velocity. average energy.
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FIG. 11. Mean carrier energy as a function of time in InP for
E=10kV/cm T,=300 K, Np=10'" cm™3, andE=5 kV/cm. The solid line re-
_______________ fers to calculations with a zero-temperature phonon-relaxation time
0 0 5 4 é e 79=28 ps and the dashed line to calculations wiff* 20 ps.
Time (ps)

non relaxation timer_ . Its value is known with an uncer-
tainty related to the value obtained experimentally fgr
FIG. 9. Occupation of th&" andL valleys as a function of time \yhich for GaAs is in the range 8—20 ps. Therefore, to esti-
H — — 7 -3 t . : !
in InP for T, =300 K, Np=10"" cm ", and the reported electric ate the effect of the choice of on transport parameters,
fields. The solid lines refer to calculations taking into account non- e have calculated the transient drift velocity and energy for
equilibrium phonons and the dashed lines to calculations performe, e two extreme casd8 and 20 psand for an electric field
assuming phonons to be a thermal equilibrium. of 5 kV/cm, which gives the greatest nonequilibrium-phonon

stage, a modification in the time evolution of the energy isEffects. The results are presented in Figs. 10 and 11. By
observed, which finally leads to the difference of the valuedncreasing the value of,, the characteristic phonon ther-

in the stationary regime already discussed in Sec(séie malization rate decreases, thus enhancing the perturbation of
Fig. 3. In the L valley the carrier energy starts initially to the PDF. As a result, the difference between the values ob-
decrease due to the small amount of transfers fromIthe tained with and without phonon disturbances increases, es-

valley at the very earliest times which is also responsible foP€Cially for the mean carrier energies. In any case, no sig-
the overshoot of the drift velocity in thee valley previously nificant modification in the time behavior of both transport

discussed’ parameters is observed.

Figure 9 reports the valley populations at the three electric
fields of 10, 20, and 50 kV/cm. the presence of nonequilib-
rium phonons leads finally to different valley populations in V. CONCLUSIONS
the stationary regime, this effect being more pronounced
near the threshold field, because in this range of electric ﬁelﬂi
the presence of hot phonons most effectively increases th[cﬁ
I' to L transfer.

To complement our analysis, we have performed a sys
tematic study on the influence of the magnitude of the pho

We have presented a detailed investigation of the transient
gh-field transport regime in InP at room temperature after
e onset of a dc field pulse. To this end we have proposed a
numerical method which solves the coupled hot-phonon—
hot-carrier Boltzmann equations in quite an efficient way.
The accuracy of the method is particularly evident in the
transient transport regime which is fundamental to the per-
formances of high-frequency semiconductor devices. A great

— T,= 8ps effort has been made in order to optimize the code and reach
F o= T,=20ps e affordable CPU times. To validate our algorithm, we have
performed a comparison between the results obtained with
the present method for a time longer than the duration of the
transient and those obtained by solving directly the system of
coupled hot-phonon-hot-carrier Boltzmann equations under
stationary conditions. After this validation, we have analyzed
the transient transport regime by calculating the carrier dis-
0 i i s tribution function, the phonon distribution function, and the

0.01 0.1 1 10 mean drift velocity and carrier energy and the valley popu-
Time (ps) lations. The main results are summarized as follows.
(i) The coupling of the carrier Boltzmann equation to the
FIG. 10. Mean carrier drift velocity as a function of time in InP, Phonon Boltzmann equation is responsible for an increase in
for T, =300 K, Np=10" cm~3, andE=5 kV/cm. The solid line  the time duration of the transient of the carrier distribution
refers to calculations with a zero-temperature phonon-relaxatiofunction related to the nonelectronic phonon-relaxation rate.
time 7,=8 ps and the dashed line to calculations with= 20 ps. (i) At short times after the beginning of the transient, the

20
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phonon distribution function develops a strong forward peakameters in the transient regime has been found to be sensi-
which is related to the displacement of the carrier distribu-ive to the value of the nonelectronic phonon relaxation time,
tion function caused by the presence of the electric field. Akven if no significant modification of their general behavior
later times, when scatterings begin to play a role, this asymhas been observed.
metry is reduced as a consequence of the spreading of the
carrier distribution function.
(iii ) In the presence of nonequilibrium phonons the tran- ACKNOWLEDGMENTS
sient regime of the carrier drift velocity is modified, in par-
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