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Phase transition of a photogenerated electron gas in semiconductors
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We study a nonequilibrium phase-transition-like behavior of a photogenerated electron gas in semiconduc-
tors. The kinetics of the electron gas is given by a set of nonlinear rate equations. For low temperatures we
show that they have three steady-state solutions when the photoexcitation energy is in a certain interval that
depends on the electron-electron interaction. Two of them are stable and the other is unstable. By defining a
generalized free potential we obtain the Maxwell construction that determines the order parameter, namely, the
difference of the electron population in the bottom of the conduction band of the two steady-stable states.
Hence, this phase transition is a nonequilibrium first-order phase transition.
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Nonequilibrium phase transitions in semiconductors have dyi -
been studied in the past decades mainly in connection with dar Yo (Xi+1= X))+ Vo (Xi-1— Xi)
the nonlinear generation-recombination mechanism, includ-
ing impact ionization3 Many experimental studies have + ZNmaXtot Xi+1— 2Xi T Xi—1)
been done on hot photoexcited electron systérrdowever,
to the best of our knowledge no systematic study has been +ZNmaXX0(Xi_Xifl)_‘_gpéi,ip_WXi ; (1)

done as to as certain how the energy of the photoexciting

pump influences the steady state of these systérs Ref.

7 a qualitative theoretical account of the effects of the excifor i#0. Fori=0, since the emission of LO phonons by an
tation energy was given. The authors showed that the ele@lectron is not possible, we have

tron population in the bottom of the conduction band

strongly depends on the excitation energy. The purpose of

this report is to show that, for low temperatures, there exists dxo

a first-order nonequilibrium phase transition between two ho- T ugxl— Vo Xot ZNmaxXtot X1~ X0)
mogeneous stable steady states of the electron gas that ap-

pears when the energy of the pump is varied. The order pa- +ZNmaXoXot gpﬁo,ip—wXO. (2

rameter is the difference between the electron populations in
the bottom of the conduction band of the stable states. It
depends upon the effectiveness of the electron-electa) ( L ) )
interaction. We obtain the order parameter by defining a “po-' "€ térms withv, , in Egs.(1) and (2), describe the contri-
tential” that allows us to make a construction similar to the bution of the electron-LO phonon emision interaction to the
Maxwell construction for the equilibrium phase transition of rate of change of the population at leveli. The terms with
a van der Waals g&< the factorv, correspond to absorption of a LO phonon. The
Electrons in the bottom of the conduction band of a semi-e-e interaction contributes to the terms that contain the factor
conductor play an important role in the dynamics of theZN,,. Their form come from considering the contribution
whole-conduction electron gas. In general, electrons with afo the rate of change of the populatign of the interaction
energy in excess less than the longitudinal optit&) pho-  between electron populations of all the energy levels and
non energy cannot make transitions by emitting LO phononsirom the use of the energy conservatibfhe electron popu-

In the case in which the emission of LO phonons is one ofations y; have been normalized to the maximum reachable
the dominant mechanisms, the nonequilibrium kinetics of they|ectron concentratioN , and y=Sx;. In the steady

electron gas in the conduction band of a semiconductor ig;,teN

g:‘vilris rfgg?gysinwﬁgdggngnzrsg? %ftgrr\l/zrlggflagxlzi ;ag]loneright-hand member of Eq$l) and(2) are the generation and

. . . recombination contributions, respectively. The main interac-
conduction band. Although not strictly necessary, for sim- P Y

- . tion mechanisms, the generation and recombination terms
plicity A€ is set equal tdhw, o, the LO phonon energiwe . - g
set the electron population in these energy levels and, basérc]lat are given by the CO"!S'On frequenciey andZNmax,
on the main interaction mechanisms, the nonlinear rate equ&"d PY9p, andw, respectively, depend on the lattice tem-
tions that give the temporal behavior of these populations arB€rature, carrier concentration, f‘”d material parameters. We
obtained. give the explicit expresions for, and ZN,.,, which are
Then, we have the following set of rate equations thatheeded for the following discussion and refer the reader to
describes the kinetics of a photoexcited electron gas ifRef. 9 for the expressions of the other frequencies. Then, for
semiconductors. vy we havé!®

max IS constant angy;,= 1. The last two terms in the
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Vmetwol 1 1 1 1 low 1x10'® cm™* their effects are negligible.Due to the
vy (€) =—( ) ( otz t—) e-e interaction, this set of rate equations is nonlinear. Finally,
J2n? 2 2 we should say that Eqg1) and (2), which are the main
equations of our model, came from a more general theory
hw o published in Ref. 9. These general equations formulated in
1 + the energy space take into account degeneracy effects and
X S ol € 3) have the mathematical structure that other formulations have
\/; o oo ' (See, for example, Refs. 13 and)1#hey can be generalized
+17:\/17F to take into account quantum effects, e.g., exchange, by us-
€ ing more appropiate scattering frequencies. However, quan-

i . . ] tum effects are expected to be important in very short times
where &, and & are the static and optical dielectric con- gnd very small distancés-*

stants, respectively. The electron effective mass and charge Let us consider the finite differences as derivatives,
arem ande, respectively, and is the Planck constant. The

upper (lower sign is for emission(absorptiof. Phonon o -—>d—XAe

population effects may be taken into accounhip, which is Xi+17Xi™ e

the phonon population at wave vector of magnigudThe
screening effects in the electron-LO phonon interaction are X 2
included in the factoiS o, which in the random-phase ap- Xi+l_2Xi+Xi*1_’E(Ae)
proximation(RPA) is given byt

2

dy ’X

27-1

XtotNmax) 1 Xi_Xi—lﬁaAf_ dez(AE)z-
N° ’

Slo=|1+

Then, we obtain the partial-differential equation

where N°= &, m(% o o) %3328 e?h%kgT, is the threshold )
value for the concentration in the conduction band at which a_X:(X Yot &) ’9_X
the screening becomes importahfl, is the effective elec- JrT o de?

tronic temperature anklgy is the Boltzmann’s constant. The 5

collision frequency(3) is a smooth function of the energy (et _X+ Sle—g.)— 5
and the solution to Eqs(l) and (2) can be considerably (v=p+ xo) g | XP (e=8p)~wx, ®)
Elor?]ptl)lgtnag if we substitute it by its average over the Conduc'where we have definedr=tZNyay, »=v/ZNmpa K

L 12 =4 /ZNmax, ®=W/ZNpax, Xp=09p/ZNnax, and e=elAe.
FOr ZNimay, f°”°"§'”9 ideas of_Takenakat al: a_md Col- By this normalization, we have eliminated one parameter.
let and co-workers® we use static RPA and obtdin

For low temperature$,u<v. Also, in steady statey,= w.
Hence, in this case, we have only two relevant parameters,

2 _e*mmkgT, 1 g andep.
max™ 2252¢ XiotNmax| 4) The electron distribution functiog(s,7) is continuous and
* 1+ positive definite in the whole interval<Ge<e and has a
ee

discontinuity in its first derivative at =¢,. In addition, it

The square brackets factor takes into account the screenifgust satisfy the conditions
effects. These become important when the carrier con- o 1
centration N, reaches a critical value Ngg Xtot:f dex(e, ), XO:f de x(e,7). (6)
=4méE,.(kgTo)?/ m2h2e?. 0 0

The expression foZNn., EQ. (4), is a simple approxi- The steady-state solution to EG) is’
mation that allows us to determine, in an easy way, the Ae™+Be Fe  O=p<
ranges of the carrier concentration and electronic tempera- XS(S)Z[ € e, Usesg

Ce Pe, gpse,

)

ture, in which the energy exchange througle scattering is

the dominant mechanism in the kinetics of the system. The, o0

use of static RPA is justified for experiments that take place

on longer time sc_alejé. a] [(V—M+X3)2+4w(1—)(3+M)]UZI(V—,u+x3)
We have to point out that the structure of E¢B.and(2) = S .

does not depend on this approximation and we may use in a B 2(1=xotn)

more complete calculation a more general expresion for the ®

e-e frequency. However, we expect that expressi@sand In the steady stateyy,=1. The electron population at

(4) give good results for steady-state situations and not vershe lowest levelyg is determined self-consistently by the

high carrier concentrations as is the present case here aeduation

where many body effects and occupation effects are not a_ B

; 6 o e“—e 1

important’ Degeneracy effects change the structure of Egs. Xo=—€ “r—— o —. (9)
(1) and (2), but it is well known that for concentrations be- « ath 1-x3
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FIG. 1. Photoexcitation pump energy, as a function ofxg -
Numbers on each curve are the values of

The coefficientA, B, andC are obtained using the continu-
ity in x(e), the discontinuity in its first derivative at
=g,, and Eq.(6).

In Fig. 1 we show the low temperature dependence of
on xg for several values of. We takew=0.02 for the re-
combination. We must notice that we first sgf and then
find self-consistently(. However, we chose to plat, as a

function of x3. The reason will be apparent below. Also

notice that, for example, the curve with=0.02, forgfjl)

<sp<s(2) has three possible values g§, that are labeled
X, X§>, and x§¥ (the interceptions with the horizontal
dashed-dotted lineWe will show that two of them are stable

and the other one is unstable. In addition, #gr=0.2275 we

have the critical curve that separates curves that have regions

of &, with three possible solutions forg from curves with
just one solution. We must point out thet v, /Z Ny, then
Fig. 1 can be seen as a family of curves in which #&e
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We now define the functiog(x,) that allows us to per-
form the stability analysis. From E¢L0)

P(X0)=vX1— “Xo+ X1~ XoT X5~ @Xo (12)

and the steady-state conditijieg. (10)] becomesy(x3)
=0. Performing the derivative af(x,) with respect ofy,
we find that the factor in square brackets in ELi) is equal
to this derivative evaluated at,= xg. Therefore,

d ) dy ) (13)
T_9XoT 4.~ X0
d’T d)(o Xo:XS
and the solution foBy, is
dy
5)(0( T): 5X0(O)ex d_ TI. (14)
Xo Yo=x°
0~ Xo
A steady state, given by g5, is stable if
d
d—l’ll <0. (15)
Xo X0=X3
Equation(9) can be written as
1 a atp
aln (1 XO)XOw oo P g,=0. (16)

In the steady state, Eq&l2) and (16) are equivalent, there-
fore

a at+pf
w ea_efﬁ

(1=xo0)xo (17)

1
Y(xo)=——In ~&p.
In Fig. 1 we plotteck, as a function of¢g, which means that
we plotted the function(x) and this establishes the stabil-
ity of the statesy(?, x{?), andx§> . The middle root is an

interaction is changed, for example, by changing the electronnstable steady state, whijg") and x{*) are stable steady

concentration. For GaAstal K we obtain »~0.02 using
T.=300 K and N,=4.1X10 cm 3 in expressions(3)
and (4). For a carrier concentration of 6.X1.0' cm™2 we
obtain approximately the critical curve.

states.

A thermodynamic system remains homogeneous and
stable if the criteria of instrinsic stability is satisfi&d,
(dP/9V) <0, whereP is the pressure of the system avids

Next, we consider the perturbation to the steady statéits volume. When this condition is violated a phase transition
x(e,7)=x*(&) + 6x(,7) produced by a time-dependent ex- ocurrs!® Then, from Eq.(15), we have the following corre-
citation, y,(t) = xp+ dxp(t), wherey, is the constant exci- spondencey,—V, ep—P, andv—T, whereT is the tem-

tation that produces the steady state. Notice fhatand x,
are time dependent and they are given by the relatjgps
=1+ Sxor and xo= x5+ Sxo, respectively.

From Eq.(2) for xo and assuming that,>1, we have for
its steady state

VX3~ RXOT XS X T XS wx§=0, (10)

and the time evolution of its perturbatidiy, is given to first
order by

d X1 X1

— =22 AL S_
dT5X0 V5XO mt Sxo 1+2x5— w|dxp.

(11)

perature of the thermodynamic systée see that Eq(16)
turns out to be the equation of state. The homogeneous states
x$P and x§¥ are nonequilibrium stable steady states of the
system. Therefore, we call the transition between ste{t's
and x{¥, a first order out of equilibrium phase transition.
The order parameter jg®)— ! and still remains unknown.

So far, we have assumed that the populatiggsy,, and
so on, are constants and homogeneous in space. Now, we
assume that there exist spatial inhomogeneit@ss xo(r),
which produce spatial gradients, and diffusion of this popu-
lation. We also assume, from the structure of &, that the
spatial and temporal behavior of the populatignsi>0, is
given throughy,o. Then, we have the following equation
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9 52 In summary, we have found a low-temperature nonequi-
X0 X0 A -

——=¢(xo)+k— (18)  librium phase transition between two homogeneous stable
aT Jz steady states of an electron gas in semiconductors. We intro-
duced the functiony and the stability condition for these
states was given by Ed15). A generalized free potential
was defined by Eq(19) from which we obtained Eq21)

that corresponds to the vapor pressure Maxwell construction

We suppose, for simplicity, that, depends only on the spa-
tial coordinatez. Here, « is the y, diffusion constant.
Let us introduce the “potential”®(xo) with the

definitior?"® of a van der Waals gas. The order parameter, the difference
P of the electron population in the bottom of the conduction
(x0)=—P(x0). (190  band, is then calculated and goes to zero whepproaches
X0 the critical valuev,~0.2275. This is the reason we call this
Then, the steady state satisfies the equation phase transition a fir_st—or_d_er nonequilibrium phase transition.
For GaAs at 4 K, this critical value corresponds to an elec-
Pxo P tron effective temperature of 300 K and an electron concen-
KF:_W(D(XO)' (20) tration of 6.12x10'® cm 3. The bistability occurrs in the
z 0

range v<<0.2275, which corresponds to carrier densities
greater than 6.1410'® cm™3. We expect that the equations

) (1) ) of the model are valid for polar semiconductors, such as
energy intervaley '<ep,<ep”, the system has two homo- G, ag \nder low-temperature cw photoexcitation that creates
geneous stable steady states. Let us find a soluytiiz) a not-so-high carrier concentration(less than 1
such thatyo(+) = x§" andxo(—)=x§”. In such a case (e cm™3), where many body and occupation effects are
two steady states coexist. Obviously, the “potentidi{xo)  not important and the electron-LO phonon ame interac-

has two maxima iny§" and x§*). Coexistence ocurrs for a tions dominate the dynamics of the carridfsloreover, the
value of e, such that the two maxima are indistinguishablestatic RPA used to calculate these interactions is applicable
for the system® (x{”) =@ (x&)). Then under the present conditiofs:**We have to point out that
the mathematical form of Eq$l) and(2) and thee-e inter-

We have seen from Fig. 1 that, wher0.02 ands, is in the

@) action, which gives the nonlinear character of the rate equa-
0=b(x)-o(x{M)= J')Eg) dxot(xo)- (21)  tions, are the necessary main ingredients for the existence of
X0 the phase transition. Thee interaction may be improved by

using a more general approximation for the scattering fre-
The last equation is the Maxwell construction for the va-quencies that take into account, for example, exchange
por pressure in the van der Waals gas from which the ordesffects®2 For higher concentrations degeneracy effects are
parametery$)— x{) can be calculated. We also notice that easily taken into account as is described in Ref. 7. Also, the
—& corresponds to the Hemholtz free potential. Moreoverassumption that the distribution function changes very
the condition thatb is at a maximum in a stable steady stateslowly over an energy interval equal to the LO phonon en-
corresponds to that the generalized free potehtial—® is  ergy may be improved by sampling the distribution function
at a minimum. This is consistent with the condition that anover several tens of points. Finally, we may use a nonstatic
equilibrium thermodynamic system is in a state of minimumRPA in the evaluation of the scattering mechanisms but at the

Hemholtz free energ}? cost of computing several integr&ts®
*FAX: 52-22-44-8947. Electronic address: ductor Nanostructures2nd ed. Springer Series in Solid-State
mar@sirio.ifuap.buap.mx. Science Vol. 115Springer-Verlag, Berlin, Heidelberg, 1999

1E. Schdl, Nonequilibrium Phase Transitions in Semiconductors 7J.L. Carrillo and J. Reyes, Phys. Rev2B, 3172(1984).
(Springer, Berlin, 198 P.T. Landsberg, Eur. Polym. 1, 31 8F. Schigl, Z. Phys.253 147 (1972.
(1980 E. Schdl and P.T. Landsberg, Proc. R. Soc. London, Ser. °J.L. Carrillo and M.A. Rodguez, Phys. Rev. B4, 2934(1991).

A 365 495(1979. 10E. M. Conwell, High Field Transport in Semiconductgredited
2pT. Landsberg and A. Pimpale, J. Phys9,C1243(1976. by F. Seitz, D. Turnbull, and H. Ehrenrei¢Academic Press,
3A. Pimpale and P.T. Landsberg, J. Physl@ 1447 (1977). New York, 1967, Suppl. 9.

“Physica B272 (1999, special issue oflot Carrier in Semicon-  ''E.J. Yoffa, Phys. Rev. B3, 1909 (1981).
ductors edited by M. Inoue, N. Sawaki, S. Tarucha, and C.2N. Takenaka, M. Inoue, and Y. Inuishi, J. Phys. Soc. 861
Hamaguchi; Solid State Electrol (1) (1978, special issue on (1979.
Hot Carrier in Semiconductorsedited by D. G. Seiler and A. E.  3J. Collet and T. Amand, J. Phys. Chem. Solids 153 (1986 J.

Stephens. Collet, J.L. Oudar, and T. Amand, Phys. Rev38 5443(1986.
5J. Shah, Solid State ElectroBl, 43 (1978; E. Goebel and O. 144, Haug and A.-P. JauhdQuantum Kinetics in Transport and

Hildebrand, Phys. Status Solidi 8, 645(1978; C. Weisbuch, Optics of SemiconductarSpringer Series in Solid State Sci-

Solid State Electron21, 179 (1978; R. Ulbrich, Phys. Rev. ence, Vol. 123 Springer-Verlag, Berlin, Heidelberg, 1996

Lett. 27, 1512(1972). 15H. E. Stanley|ntroduction to Phase Transitions and Critical Phe-

6J. ShahUltrafast Spectroscopy of Semiconductors and Semicon- nomena(Oxford University Press, New York, 1971

233320-4



