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Resonant ultrafast nonlinear optics of bulk semiconductors under electric-field modulation
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In bulk direct-band-gap semiconductors the ground state (@hatoexcited electron-hole system is nor-
mally an exciton gas, instead of an electron-hole plasma, as long as the carrier density is not too large. We
demonstrate theoretically that, in the presence of an electric-field modulation, the energy of the plasma is
decreased due to the induced charge-density fluctuation. As a results, the plasma becomes the ground state at
much lower carrier densities, implying that the critical carrier density for the transition between these two
states can be reduced. This transition provides a mechanism of nonlinear optics for bulk direct-band-gap
semiconductors with picosecond relaxation time, large nonlinearity, and low pump intensity.
[S0163-182698)02820-3

I. INTRODUCTION exciton peak bleaching is the plasma screening of the Cou-
lomb attraction between the electrons and holes. However,
The mechanisms for the intensity-dependent refractive inunder resonant excitations and at low temperatures, the EHP
dex, i.e., the optical Kerr effect, have been an important subis formed only when the carrier density is as high as
ject for research in nonlinear optics. The application of thel0'” cm™3,%° while the relaxation is still limited by the
Kerr effect on, among other things, all-optical switching hasnanosecond exciton lifetime. For indirect semiconductors
been one of the principle motivations. Therefore, not onlysuch as Si and Ge, electrons and holes usually form
the nonlinearity, but also the relaxation time, is a factor ofdroplets®’ with a fixed density inside the dropets that mini-
primary importance. For resonant nonlinearities, whose Kermizes the energy per electron-hole ghiifor direct-band-gap
effect is usually due to the absorption changes induced bgemiconductors, it is believed that the lifetime of the photo-
the photoexcited quasiparticles, one faces a trade-off beexcited carriers is too short to allow spatial imhomogeneity
tween these two factors. The relaxation is limited by theand the formation of electron-hole liquid droplets. On the
lifetime of the excited quasiparticles. However, any mechacontrary, a uniform density throughout the illuminated re-
nism that reduces the quasiparticle lifetime frequently lowergion is always maintained and continuously changes when
the concentration of the quasiparticles for a given excitatiorthe pump intensity is varied. This is true even when a plasma
intensity and consequently diminishes the nonlinearity. Oris formed? Therefore, for a given electron-hole pair density,
the other hand, enhancing the nonlinearity by increasing théhe ground state of the system is either a uniform EMG or a
lifetime will reduce the switching speed. In practice, the ra-uniform EHP. At zero temperature, the system will stay in
diative lifetime of the quasiparticles usually sets the ultimatethe state with lower energy. However, for densities so high
limit for the switching time. For example, GaAs multiple that the mean distance between carriers is smaller than the
quantum wellgMQW'’s) exhibit a large Kerr effect because exciton Bohr radius, the state of well-separated excitons is
the exciton absorption peak is bleached by the presence obt self-consistent anymore. The EHP becomes the only pos-
other excitons already excited, due to phase-space fillingible ground state under this circumstance. The density de-
(PSH effect! The switching time of high-quality MQW’s is  pendence of the ground-state energy per pair of the EHP has
the lifetime of the excitons, which is typically a few been studied extensively,while the energy of each exciton
nanoseconds.In this paper we present a mechanism for(and thus the EM®is fixed, except at very high densities.
resonant nonlinearity in bulk direct band-gap semiconductor¥he binding energy of a free exciton is called the exciton
under external electric-field modulation, which does not suf-Rydberg constantR). Photoluminesence and absorption ex-
fer from the nonlinearity-relaxation trade-off. This is pos- periments of bulk GaAs lead to the conclusion that the EMG
sible because the relaxation time of this mechanism is ngpersists up to the density where excitons start to overlap with
limited by the quasiparticle lifetime. Instead, it is only lim- one another. Beyond that density the EHP forms. This sug-
ited by the transition time between two different collective gests that the energy of the EHP is never lower than that of
states of the quasiparticles: the electron-ha@ehj plasma the excitons. Theoretical prediction has been margiaatl
(EHP) and the exciton molecular gd&EMG). Large nonlin-  will be discussed later. Clearly, any mechanism that reverses
earity results from the distinct optical properties of the twothe relative energies of these two states and thus stabilizes
states. the EHP as the ground state at lower densities will modify
Take GaAs as an example first. The nonlinear effect othe nonlinear optical properties substantially. One of the po-
bulk GaAs is appreciable only at very high excitation tential candidates is the presence of a slowly varying electric
powers® For bulk GaAs, the principle mechanism for the potential modulation. It causes a long-range charge redistri-
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bution for the EHP and lowers its energy, while the EMG isof a density functionalDF) E[ng(r),n,(r)], whereng(r)
unaffected by the potential because it is composed of neutrand n,(r) are the electron and hole densities, respectively.
particles. Indeed, our calculation shows that through the apfhe DF is usually written in the forfm

plication of a sinusoidal electric field, the mean energy per

electron-hole pair for the EHP can be lowered compared to E[na(r),np(r)]=Eest+ Ex+ Eye,

that of the EMG, and the EHP becomes the ground state for ) ) o

e-h pair densities below a critical valug., which depends where the subsc_npts denote electrc_)stat|c, kinetic, and
on the external potential. A transition between the EMG andXchange-correlation energies, respectively. The exact form
the EHP occurs with a small change of density. The ke;Pf Eycis unknown._ However, for a Imear-respons_e analysis,
point is that at such density, on the EMG side there is almos{/€ need to know it only up to the second order in the fluc-
neither a PSF bleaching effect nor plasma screening for thidlations (_)f the electron and hole densities around their mean
exciton absorption peak due to the presence of other exckalué n, i.e., Me(r)=ng(r) —-n and my(r)=ny(r)—n. As-
tons, while on the EHP side the plasma screening is verguming a local DF, we have

effective because it is well above the Mott criterion

(5.4x 104 cm3) for the bounde-h pair to exis® The con-  E[N+Me(r),n+my(r)]

sequence is that the relaxation time of {negative photo-
2

induced exciton absorption change is limited not by the life- e

time of the carriergstill in the nanosecond rangeut rather =E[n,n]+ EJ — 7 [Ma(r) —mg(r)]
by the time the system takes to transform to its new ground Klr—r’|

state as the density decays through the critical vajueThis X[mp(r’)—me(r")]d3 d3r’

transition time has been shown to be only a few
picoseconds.

In the following we shall first calculate the energies of the
EHP including an external electric field and identify the criti-
cal densities1;.. Then we shall discuss the associated optical n 2 A'(n)J |V, (r)|2dr
nonlinearities and the relaxation processes. Finally, we con- iZeh '
clude with certain remarks on the limits of our calculations.

1
+ EJ [’ m2(r)+ ePm2(r)]d>r

+ 2> X Fij(n)f Vmi(r)- Vm;(r)d®r + O(mg,my).
Il. EHP ENERGY CALCULATION b=

1

The dimensionless parameter; is defined by W
4m(agre)®/3=1/n. For the exchange-correlation energy of Here « is the background dielectric constant aeds the
the EHP, we use the universal behavior of Vashishta anélectron charge. The superscri@ means the second de-
Kalia.” The energyegyo(rs) of the EMG per pair is not rivative of ;n with respect to the density, evaluatedhat e,
always equal to the exciton Rydberg energy. There are a@nd e, are the electron and hole parts of the kinetic plus
least two corrections to be taken into account: First, at lonexchange-correlation energy per pair for a homogeneous sys-
densities the formation of biexcitons will lower its enerfy; tem. The analytic form of the exchange-correlation energy
second, at high densities, where the mean distance betwegged here is the universal form
the excitons is comparable to the exciton Bohr radigis the
interaction among the excitons will increase the energy. For A+Brg
the high-density correction of the EMG curve, we use the €xc(ls) =
results of a hard-core Bose gas as a rough approximation.

The biexciton binding energy is approximately equal to \hereA, B, C, andD are universal constantéThe expres-

2 . .
0.5 meV! Our discussion below, however, does not depend;jong forA;(n)andT;(n) can be found in Ref. 7. Since the
on the detailed behavior ofgyg(rs). Then let us briefly

iew the th tical s ofoh dostat ) terms of orderrni3 vanish by inversion symmetry, the next
review the theoretical results of the ground-state ener . - .

. , 9 S 91€S PESwest order is proportional tmf‘. For convenience, we ex-
pair of the EHPegyp(rs) without any electric field. For

; ) e ress the DF in terms of the Fourier transforms of the densit
GaAs, unfortunately, the theoretically predicted minimal en-p y

ergy of EHP as a function of density is too close to thefluctuationsme(k) andmy (k). Substituting
exciton Rydberg constarit*® and the question whether the
EHP is ever the true ground state becomes difficult to an- 1 S ey
swer. For semiconductors with larg& such as CdS and Me,n(r) = & e""'me (k)
CuCl, the theoretical results, as shown in Fig. 1, are quite
different from those for GaAs. The curves of the EMG andinto Eq. (1), we have
EHP do cross each otH8rwhen the external potential is
zero. The crossingat rs=1.9 for CdS and ;=2 for CuC) E[n+mg(r),n+mp(r)]
of the EHP and EMG curves is also consistent with the
experiments. 1 ~ -~
To calculate the energy of the EHP under external poten- =E[n,n]+ EEK [mMe(k)my(k) IM
tial, we use the standard density-functional the(DFT).
According to DFT, the ground-state energy is the minimum 3

A 2
C+Drg+r2 @

me(k) )

my, (k)
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FIG. 1. Ground-state energieérs) pere-h pair of (a) and(b) CdS and(c) CuCl, under various external electric potentials, as functions
of rg. The EHP curves are obtained using the universal formula for the exchange-correlation[eaerBy(2)]. Since we approximate the
excitons as neutral particles, the EMG curves are unchanged under the influence of external potential. The external potential is assumed to
be sinusoidal with wavelength 1000 times of the exciton Bohr radius. The ground-state energy of the EHP can be reduced by the external
potential and crosses the EMG curve at lower carrier demsityln (b) (for CdS the evolution ofn, under the modulation of external
potential is shown in detail. The result for CuCl is similar.
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V is the system volume. The linear terms vanish due to th&al of 1<rs<4 plotted here, the relative density fluctuation
constraints/ mg(r)d®r = fmy(r)d® =0. The 2x2 matrixM  mM;(rg)/n(rs) can be estimated by

has the form
i)( “” ;

r
R eéz)—k E'(12)+ (Kkg/47762) 622)412) S

)

because the contributions froiy ,I';; terms are very small.

mi(ry) kgag

—(b C) n(r)Nf
M= c dl’ s

with the matrix elements

Ame? It turns out that the ratio is smaller than 0.01, so the linear-
b= ——+eP+K:(AetTeo), response approach is well justified. The empirical universal

KK formula of e,.(rs) used here is not expected to work for
r<>4."1"When the external potential is zero, the EMG state

41e? ) is more stable than the EHP state fgroughly larger than 2.

== k2 +KThe, As the external electric field is turned on, the energy of the

EHP is reduced. The energy reduction is larger in the low
5 e-h density(larger) region than in high densitgsmallr )

d= 4me +Ef12)+k2(Ah+th)- (4) regi_on. The reason is .that the absolute charge—de_nsity fluc-
xk? tuation caused by a given external potential remains in the

same order independently of the mean densityherefore,
Now we turn to the calculation of the ground-state energythe relative density fluctuation increases rgsincreases.
of the EHP under an external potentia(r). The new den- When the external potential is not quite as large, there exists
sity functionalEy, can be easily obtained by adding a newa critical densityn. (and a critical mean distanag,) such
external potential energy terf, to the density functiondE  that the true ground state is the EMG forn, (r <r.J) and
of the uniform system. In terms of density fluctuations, wethe EHP forn<n. (rs>ro). As U, increases continuously,
have rsc becomes smaller and smaller. Finally, if the external po-
tential is too larger; ceases to exist, i.e., the EHP is more
Eu=E+Eg, Eo=2 eUK)[mp(k)—mg(k)], stable than t_he EMG in the whotlg range within whiqh the
K local DFT with universale,.(rs) applies. The material pa-

- ] ~ rameters used for our calculations can be found in Refs. 7
whereU (k) is the Fourier transform of the external potential gngd 10.

U(r). The density configuration that minimiz&s, can be

obtained by the stationary conditions
I1l. OPTICAL NONLINEARITY

%y _%By_g 5) The anticipation of a mechanism for ultrafast nonlinear
SMe B sm, e optics is now immediate. The critical valug, separates two
different states: the EHP and the EMG. Fqbrg. (EHP),
which lead to the matrix equation the bleaching of the exciton absorption peak is due to the
_ - plasma screening of the Coulomb potential between the elec-
Me(K) eU(k) trons and holes. On the other hand, fgrr, (EMG), the
M (K) - —el(k) . (6) bleaching is due to the PSF effect of the EMG. Singds

much above the Mott criterion for the existence of bound
AssumingU(r)=Uycoskyr), one can easily invert Eq6) states, the bleaching of the exciton absorption in the EHP is
and then substitute the solutiong,(k), m,(K) into E to nearly gomplete. On the other hand,_ the PSF is not expected
obtain the energgepp(ry). to bg §|gn|f|cant fqr the same density of the EMG because
In our calculation, the wavelengthnZk, of the external the_f|II|ng frachc_m is very small forg.>1. Therefore, the
potential is chosen to be 1000 times the exciton Bohr radiuSXciton absorption peak is suddenly turned on or off when
Such aU(r) can be achieved, in principle, by a sinusoidal the density crossers . o _ _
dopping profile. Other more practically feasitir) should I_n order to ggt a more guantitative estllmat'e of the nonlin-
give qualitatively the same results, as long as a Iong—rang@amy’ we consider flnlt_e-_tempe_rature situations, where the
charge redistribution is produced. The energy of the EMG i$yStém becomes a statistical mixture of the EHP and EMG,
assumed to be unaffected by the external field because w¥th thermal distribution weight$Vp andWy, , instead of a
are considering the long-wavelength limit, where the EMG’sPUre state of the EHP or EMGVp and Wy are assumed
can be treated as pointlike neutral particles. One of the modp satisfy the relation Wp/WMfe*B(EEHP*fEMG) and
interesting features is that when the external potential iVp+Wn=1. 8=1/kgT, wherekg is the Boltzmann con-
strong enough, the ground-state energy of the EHP becomé§ant and T the temperature. It is easy to see that
substantially smaller than the EMG energy for a wide rangau(T.rs) = (1+expll eemc(rd — eenpl(rd VksTH and
of r. Wp(T,rg)=1-Wy(T,rs). The effective probe absorption
Figure 1 shows the total energy per electron-hole paiSPectrum becomes
under the influence of several external electric potentials for
CdS[Figs. Xa and Xb)] and CuCI[Fig. 1(c)]. In the inter- a(w)=Wpap(w)+Wyay(w), (8
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FIG. 2. Absorption spectra ¢&) CdS andb) CuCl under resonant pumping. The external potentials used heedJgrell Ry for CdS
and eUy=10.5 Ry for CuCl and the temperature used for the thermal distributions is 10 K. For simplicity, only the first two exciton
absorption peaks are kept to illustrate the nonlinear optical phenordgna.deliberately chosen so that the criticgl= 3.6 in both(a) and
(b). As the carrier density decreases through the ground state changes from the EMG state into the EHP state and the bleaching of
exciton absorption peaks is enhanced. The exciton absorption linewidtine chosen to be 0.05 Ry for CdS and 0.02 Ry for CuCl.

whereap(w) anday(w) are the probe absorption spectra in Yukawa potential, respectivel§.If the initial carrier density
the presence of a pure EHP and EMG, respectively. We apexcited by the pump is much larger than the critical density
proximate ay(w) by (1-r3)ag(w). ag(w) is the linear Ngc, such thategyp— egyc>ksT and Wy>Wp, we have
absorption spectrum of unexcited matefladnd the factor a(w):ao(w)(l—r;3). The exciton absorption peak is
1—r. 3 results from the PSF effect in the EMG state. Forsharp because>1. When the pump is suddenly turned off,
plasma absorption we have the excited carrier density begins to go down through radia-
tive recombinations and passes through sooner or later.

ho During this periodW), decays rapidly to zeroi/r gets close

“P(w)zaota”ﬂﬂ(ﬁw_Eg_ﬂ)/z]f to ong and finally the system becomes a mixture dominated

by the EHP component. The exciton peak is then signifi-
foo sini 7g \/§] cantly suppressed due to the screening effect characteristic of
X X the plasma state. Such a transition causes a striking change

— _ 2
o coshmgy/x]—costi w\4g—xg?] of the oscillator strength of the exciton absorption peak
X 8r((hw—Eg)IR—X), within a small range of carrier density.

The contrast of the exciton absorption peak between the
whereR, I', andg are the exciton Rydberg constant, absorp-two sides of the transition point is blurred at higher tempera-
tion linewidth, and dimensionless screening length of theures and sharpened at lower temperatures. Even though
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FIG. 3. Kerr effect of(a) CdS andb) CuCl, calculated from the results of Fig. 2. (@ the solid curve is th@,=An/Al, spectrum for
CdS calculated from the difference in refractive index at two pump powers correspondyrg3® and 3.6. The dashed curve is fgrwith
rs=3.6 and 3.9. Inb) the solid curve is thae, spectrum for CuCl at two different carrier densities gt 3.5 and 3.6 and the dashed curve
is for r¢=3.6 and 3.7. Remember that the criticg}=3.6 in both(a) and(b).

GaAs is the most thoroughly studied direct-band-gap semiThe corresponding nonlinear refractive index defined as
conductor, it is not a good material for observing the mechathe change of refractive index per kilowatt of pump power, is
nism discussed above. The reason is that the exciton Ryghown in Fig. 3. Thee-h pair densityn is related to the
berg constant in bulk GaAs is too sméd.2 me\j and sois  pump powerl, by n=al,7/fiw,, with absorption coeffi-
€emc— €enp- Therefore, in order to get a significant changecient a~10° cm™* and carrier relaxation time=3.5 ps for

of Wp and W,,, the temperature must be very lo@ay CuCl? This nonlinear mechanism has an ultrafast decay
T<1 K). However, there exist other direct-band-gap semitime, which is equal to the time the EHP takes to cross the
conductors whose exciton Rydberg constant is much largecritical valuer s, via radiative recombinations, and form the
We take CdS and CuCl as examples, in which both the exEMG. In fact, the transition time can be easily estimated
citon Rydberg constant and the ratios of the biexciton Rydfrom the energy curveegp(rs) andegyp(rs). Through ra-
berg constant over the exciton Rydberg constant are muctliative recombination, the carrier densitydecays exponen-
larger than for GaA$® Figure 2 shows the calculated results tially: n(to+t)/n(ts)=e"Y". The crossover between the two
of the bleaching of the exciton absorption peak in these twetates occurs in a density regiong{,rsp) aroundrg.. g,
materials. We can clearly see that msincreases through andrg, are determined by the condition that the difference
rsc, the exciton absorption peak is reduced. Through théetweenegp and ez is equal to the thermal fluctuation
Kramer—Kronig relation, a corresponding change of the reenergykgT. Aroundrg. we can linearizeegyp eme(rs) and
fractive index can be obtained from the absorption spectrunobtain the relation
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|G(rsp—rsa)|=kgT, with G lution is the physical state and nothing drastic is expected to
happen arounds;. Interestingly, the singularity in the elec-
_ dlegnp(re) — eenp(rs)]| g tron and hole density fluctuations does not cause a singular-
B drg \r ' ity in the total energy because the charge density-n,

sc

always remains finite. In fact, the singularity can be techni-
The size of the interval increases with the temperature. Corzally avoided by keeping the next-higher-order terms

sequently, the transition timefor the system to go fromg, ~ (O(m})) in the DF (1). Thus the stationary ansat3) leads
to rg, also increases with the temperature, as expected. It #® the nonlinear equation

straightforward to show that the relation betweeand the ~ ~ ~
; (me(k>) 1 (eé‘”me(k>3) _( eU(k) )

effective temperatur@ is
mn(k) et mn(k)? —eU(k)

2(2m)°
B

rsG

~t=3¢|n< +1]. (10

Due to the third-order correction, the divergence problem is

Using the energy curves in Fig(l for CuCl,t is 1.9 ps  regulated and does not happen to the solutions;6k) any-
when the effective plasma temperatdrés 100 K and with-  more. The nonlinear correction to the previous linear solu-
out an external potential. This result agrees well with thetions is found to be negligible, except near the divergence
time-resolved photoluminescence experiments by Hulirpointrg;. It has practically no effect on the energy since it is
et al?® In the presence of an external potential, the resultslready continuous. Therefore, all the results are almost the
depend in general on the strength of the poterdgid) and  same as what we discussed in Sec. 11l and all the conclusions
the effective temperaturel. For eUy=10.5 eV and remain unchanged. Another limit of our calculation is that
T=100 K, we geft=3.06 ps. FoiT=10 K, 1 is reduced to ~ We do not know the behavior @f,p(rs) for rs>4 because
only 0.3 ps. For other values elUy, T is also of the order of the exchange-correlation energy at low density is unknown.

. ds. Clearld is th itching ti ¢ thi h Nevertheless, in the extreme of>1, egyp(rs) must ap-
g:g?nsi?%r:)nsli'nez;a(;p)ft’i::zt € switching time of this mecha- proacheU,, which is the energy difference between a disso-

ciated electron and a hole far apart from each other. The
general behavior oz p(rs) under an external potential ap-
IV. DISCUSSION pears to be a very difficult problem. Fortunately, the transi-

Some caution is needed in the calculational procedures wion PoINtr . is within the range of validity of our approxi-

followed in this work. First, there exists an instability. The Mations and the mechanism of nonlinear optics is unaffected

linear equatior(6), which results from the stationary condi- PY such limitations.

tion of the DF, will have no solution if the determinant of

matrix M det(M)=bd—c? becomes zero. In fact, dé#() . V. CONCLUSION .

does become zero far, equal to some instability value,, In conclusion, through the reduction c_)f the grqqnd—state

which is generally smaller thany.. This means that the €N€rdy of the EHP by an external potential, the critical den-

charge-density fluctuation will diverge at such a particulars'ty for the transition between EHP and EMG can be reduced

carrier density no matter how small the external potential is?Y More than one order of magnitude. Based on the sharp

Actually, this instability continues to exist for atls>r; contrast betweeq the bleach!ng eﬁ'c"?”c'e$ of th? EHP and
because one of the two eigenvalueswbfbecomes negative EMG, a mgchal_fusm for nonlinear optics with a p|cosecond

there. In other words, the spatially uniforeah density dis- relaxation time is proposed. Because the effec_t IS more pro-
tribution is not a minimum but a saddle point in the density-nounced at low temperatures, resonant pumping is required

functional space. If we take this negative eigenvalue seril" order to produce cold excitons.

ously, a spontaneous density inhomogenéhyeaking of
translational invariangewill result and the electron-hole
droplet would finally form. However, as mentioned in the  This work was supported by the National Science Council
Introduction, such an inhomogeneous true ground state is naif Taiwan under Contract No. NSC85-2212-M-009-008. The
realized in direct-band-gap material due to the lack of equili-authors wish to thank the National Center for Theoretical
bration time. We therefore believe that the saddle-point soSciences of Taiwan for its hospitality and support.
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