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Many-body effects in a laterally inhomogeneous semiconductor quantum well
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Many-body effects on conduction and diffusion of electrons and holes in a semiconductor quantum well are
studied using a microscopic theory. The roles played by the screened Hartree-Fock~SHF! terms and the
scattering terms are examined. It is found that the electron and hole conductivities depend only on the scat-
tering terms, while the two-component electron-hole diffusion coefficients depend on both the SHF part and
the scattering part. We show that, in the limit of the ambipolar diffusion approximation, however, the diffusion
coefficients for carrier density and temperature are independent of electron-hole scattering. In particular, we
found that the SHF terms lead to a reduction of density-diffusion coefficients and an increase in temperature-
diffusion coefficients. Such a reduction or increase is explained in terms of a density- and temperature-
dependent energy landscape created by the band-gap renormalization.
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Our understanding of Coulomb interaction in an optica
excited semiconductor has been greatly enriched rece
thanks to the extensive theoretical1–3 and experimenta
investigations4 over the past few decades. As far as opti
properties in highly excited semiconductors~with high car-
rier density! are concerned, many-body effects manife
themselves in two important ways: the renormalization of
single-particle energies and the finite lifetime of such ren
malized single-particle states. Though quantitative calcu
tion of these two quantities is still a topic of current resear
the qualitative difference of these two features seems to
quite clear. For the sake of convenience of the presentatio
this paper, we classify the two types of terms into coher
and incoherent~or scattering! parts, since the renormalizatio
of single-particle state changes the resonance freque
while scattering leads to a decay of coherence or oscillat
For a spatially uniform system, these two types of effe
manifest themselves in the linear optical spectrum and h
received extensive attention in the past decades. The m
festation of the many-body effects in a spatially nonunifo
system has not received comparable attention, with Re
being the only paper dealing with the effects of Coulom
interaction on diffusion process up to now, to the best of
knowledge. It is especially interesting to see, as we w
show later, that these two parts of many-body interact
play different roles in the conduction and diffusion proces
in a spatially nonuniform semiconductor.

In this communication, we report on our recent theoreti
study on the effects of many-body interaction in a spatia
inhomogeneous system. The starting point of our invest
tion is the set of Boltzmann-Bloch-Poisson equations, wh
contains many-body interactions in the spirit of Refs. 1
and 6. Namely, the coherent part is treated within
screened Hartree-Fock~SHF! approximation, while the car
rier scatterings are treated within the second Born appr
mation. Among many other scattering channels only L
phonon scatterings are included in this model study. A
following the standard moment equation approach7 by as-
suming the quasiequilibrium distribution of carriers, a set
coupled diffusion equations for carrier densities and te
peratures can be derived8 and given as follows:
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] tN
a1] rW•JWN

a5RN
a , ~1!

] tT
a1] rW•JWT

a2 j W
a uW a

•] rWW
a1] rW j N

a
•JWN

a2] rW j W
a
•JWW

a 5RT
a ,

~2!

whereNa, Wa, uW a, andTa stand for density, thermal energ
drift velocity, and temperature of electrons (a5e) or holes
(a5h). The temperature equations are obtained throu
] tT

a5 j W
a ] tWa2 j N

a] tNa . j W
a 51/(]Wa/]Ta)uNa and j N

a

5]Wa/]NauTa /(]Wa/]Ta)uNa are transform Jacobians. I
Eqs. ~1! and ~2!, RN

a ’s represent generation and recombin
tion of carriers due to pumping and optical transitions, wh
RT

a’s represent the corresponding heat sources or si
which include, in particular, the energy relaxation due
carrier-phonon scatterings. The density and thermal curr
in Eqs.~1! and ~2! are given by

JWN
a5

PW a

ma
, ~3!

JWT
a5 j W

a JWW
a 2 j N

aJWN
a5S 2 j W

a Wa

Na
2 j N

a D JWN
a , ~4!

where ma’s are the effective masses.PW a’s stand for two-
dimensional~2D! momentum densities, and thusJWN

a are num-
ber current densities, which can be written in terms of g
dients of the four macroscopic variables (X5Ne,Nh,Te,Th)
and the electrical potentialF as8

JWNa52(
X

DNaX] rWX2
sa

qa
] rWF, ~5!

where we have introduced various diffusion coefficients a
conductivities8 (aÞb):

DNaNa5xa@~11ha!~CNa
a

1HNa
a

!1HNa
b

#, ~6!

DNaNb5xa@~11ha!HNb
a

1HNb
b

1CNb
b

#, ~7!
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DNaTa5xa@~11ha!~CTa
a

1HTa
a

!1HTa
b

#, ~8!

DNaTb5xa@~11ha!HTb
a

1HTb
b

1CTb
b

#, ~9!

sa5xae2@Na~11ha!2Nb#. ~10!

Following two shorthand notations have been introduced

CX
a5]XWa, ~11!

HX
a5Na]Xdea. ~12!

Obviously, theCX
a’s are specific heats of a certain kin

which represent the contribution from free electron and h
gases, whileHX

a’s are the contributions due to many-bod
interaction, as they are proportional to the derivatives of s
energy renormalization2 (dea) with respect to densities o
temperatures. While Eqs.~6!–~9! define diffusion coeffi-
cients in the density currents~noting the first index of the
coefficients beingNa), the corresponding diffusion coeffi
cients in the thermal currents are defined through the rela
between the density currentsJN

a and thermal currentsJT
a , Eq.

~4!. Factorsxa and ha in Eqs. ~6!–~10! are defined as fol-
lows:

xa5FgLO
e gLO

h

ge-h
b

~me1mh!1~megLO
e 1mhgLO

h !G21

,

~13!

ha5
gLO

b

ge-h
b

me1mh

ma
, ~14!

where aÞb. gLO
a and ge-h

a are the relaxation rates of th
a-component momentum due to carrier-LO (c-LO) phonon
and due to electron-hole (e-h) scattering, respectively. Thes
rates are defined microscopically in Ref. 8.

Several general features can be readily observed from
expressions in Eqs.~6!–~10!: First, all diffusion coefficients
and conductivities depend on momentum relaxation rates
to e-h scattering through factorsxa and ha . On the other
hand, the coherent part of the many-body interact
~throughHX

a! only enters the diffusion coefficients, but n
the conductivities. Second, it is interesting to consider
ambipolar diffusion coefficients, as commonly defined
setting equal the density currents of electrons and holes.
ambipolar currents are now written as8

JWN52DNN] rWN2DNT] rWT, ~15!

JWT52DTN] rWN2DTT] rWT, ~16!

with

DNX5
CX

e1CX
h

megLO
e 1mhgLO

h
1

HX
e1HX

h

megLO
e 1mhgLO

h
[DNX

0 1DDNX ,

~17!
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DTX5F2 j w

W

N
2 j NGDNX[DTX

0 1DDTX , ~18!

where X5N,T as we also assumed the densities and te
peratures to be the same for the two components. The id
tity in Eq. ~17! defines the free-carrier diffusion coefficien
DNX

0 and the corresponding many-body correctionDDNX .
We observe that thee-h scattering ratege-h

a ~the incoherent
part of the many-body effects! disappears from the ambipola
diffusion coefficients completely. Onlyc-LO phonon scatter-
ing ratesgLO

a ’s remain. This means that the ambipolar diff
sion coefficients depend only on the weighted sum of
scattering rates of electrons and holes with LO phonons.
coherent part of the many-body interactions, however,
mains present in the ambipolar diffusion coefficients, as
pressed by the second termsDDNX and DDTX in Eqs. ~17!
and~18!, respectively. The absence of thee-h scattering and
the remaining presence of the coherent part of the Coulo
interaction in the ambipolar diffusion coefficients clearly
lustrate different roles played by the two aspects of the sa
Coulomb interaction. We note that the absence of thee-h
scattering in the ambipolar diffusion coefficients is also i
plied in Ref. 5. But unlike the situation here, all the Coulom
interaction terms drop out from the diffusion coefficient
Ref. 5 completely including the coherent part under the a
bipolar diffusion approximation. The absence of thee-h scat-
tering can be easily understood, since such scattering re
sents collisions of the electrons and holes, which now
parts of integral entities diffusing together under the ambi
lar diffusion approximation. However, the coherent part c
ates a new density- and temperature-dependent environ
~energy landscape! for the original quasiparticles~with un-
renormalized energies!. They diffuse in the modified energ
landscape, resulting in an effective change in diffusion co
ficients, as we will explain in more detail in the following.

To study more quantitatively the effects of the cohere
part of the many-body interaction, we examine the relat
change in diffusion coefficients as defined bydDXY

5DDXY /DXY
0 . In Figs. 1–4, we plotdDXY ~a! andDXY ~b!

with respect to density for all four ambipolar diffusion coe
ficients. As a model material, we use a quasi-2D GaAs o
nm in width modified by a form factor. Only one subban
each from the conduction and valence bands is conside
All the material parameters are standard and will not
listed. Figure 1 shows the familiar density-diffusion coef
cient DNN . In Fig. 1~b!, coefficientsDNN ~solid lines! and
DNN

0 ~dashed lines! are plotted versus carrier density at thr
temperatures. The rapid rise around 1012 cm22 is mainly
due to the statistical degeneracy and will be explained
more detail in a regular paper.9 We see that the coheren
many-body effects result in a reduction in the diffusion c
efficient. The relative change of diffusion coefficient is plo
ted in Fig. 1~a!, where we see a diffusion coefficient redu
tion of over 25% at 200 K. This reduction decreases
temperature increases. Similar behavior is also observe
Fig. 2 for the mutual-diffusion coefficientDTN , which re-
lates carrier density gradient to thermal fluxJWT . Figure 3
shows the temperature-diffusion coefficientDTT andDTT

0 ~a!
5-2
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and the corresponding relative changedDTT . Contrary to the
reduction of diffusion coefficients shown in Figs. 1 and 2,
see an increase inDTT , i.e., DTT.DTT

0 . Furthermore, the
relative increasedDTT is much smaller in magnitude tha
dDNN and dDTN in Figs. 1 and 2. The change is less th
10%. Similar behavior is shown in Fig. 4 for the mutua
diffusion coefficientDNT , which describes carrier densit
flux induced by the temperature gradient.

Let us now explain these figures in more detail. We be
with the reduction in diffusion coefficients,DNN andDTN , in
Figs. 1 and 2, both of which are determined by the deri
tives with respect to density@see Eqs.~11!, ~12!, ~17!, and
~18!#. This reduction can be explained by the band-g
renormalization. We note thatDNN describes a carrier densit
flux from high-density region to low-density region. Due

FIG. 1. Diffusion coefficientDNN ~b! and its relative change
dDNN ~a! versus carrier density at three temperatures as indica
Solid and dashed curves in~b! are forDNN andDNN

0 , respectively.

FIG. 2. Diffusion coefficientDTN ~b! and its relative change
dDTN ~a! versus carrier density at three temperatures as indica
Solid and dashed curves in~b! are forDTN andDTN

0 , respectively.
20130
n

-

p

band-gap renormalization, which increases with carrier d
sity, the high-density region has a smaller total band gap t
the low-density region. This means that a diffusing parti
from high-density region to low-density region will have
climb an uphill energy landscape due to many-body effe
thus leading to a reduction in the effective diffusion coef
cients. The reduction in the mutual-diffusion coefficientDTN
needs slightly different explanation. First, we note thatDTN ,
by definition, describes thethermal flux from high-density
region to low-density region. Due to the band-gap renorm
ization, an energy band-gap profile is created. A thermal fl
is therefore induced from the high band-gap~lower density!
region to a lower band-gap~higher density! region to coun-

d.

d.

FIG. 3. Diffusion coefficientDTT ~b! and its relative change
dDTT ~a! versus carrier density at three temperatures as indica
Solid and dashed curves in~b! are forDTT andDTT

0 , respectively.

FIG. 4. Diffusion coefficientDNT ~b! and its relative change
dDNT ~a! versus carrier density at three temperatures as indica
Solid and dashed curves in~b! are forDNT andDNT

0 , respectively.
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teract the thermal flux and to equilibrate the total ene
~band gap plus the thermal energy! profile. The situations
described in Figs. 3 and 4 are exactly the reverse of tha
Figs. 1 and 2. The increase in the diffusion coefficients is d
to the band-gap renormalization that decreases with pla
temperature10 instead of increasing with density as in Figs.
and 2. The energy landscape reverses from the cases of
1 and 2 and leads to an increase of diffusion coefficientsDNT

andDTT . In short, the many-body effects on diffusion coe
ficients lead to a decrease in those diffusion coefficients
are related to the density gradient (DNN and DTN! and an
increase in those that are related to temperature grad
(DTT andDNT). Finally, the smaller change inDTT andDNT

~Figs. 3 and 4! than inDNN andDTN ~Figs. 1 and 2! is due to
the weaker dependence of the band-gap renormalization
respect to plasma temperature than to density.

Another feature of Figs. 1 and 2 is the decrease of
relative changedDNN anddDTN at lower densities until the
carrier density reaches the critical value near
31012 cm22, where electrons become degenerate. This
crease is a result of the reduction of the band gap due
band-gap renormalization and an almost constant value
DNN and DTN . The relative changedDNN reaches a mini-
mum around 28% for 200 K. With the further increase
carrier density,dDNN anddDTN start to increase as the ca
riers become strongly degenerate andDNN

0 andDTN
0 begin to

rise dramatically.9 At high density for lasing over 1
31012 cm22, the diffusion reduction is still over 20%. Th
larger values ofdDNN anddDTN at higher temperatures ar
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mainly due to the increase of theDNN
0 and DTN

0 with tem-
perature.

In summary, many-body effects are investigated in
semiconductor quantum well where spatial nonuniformity
densities and temperatures exists along the quantum
plane. Different roles played by the coherent and incohe
parts of Coulomb interaction are analyzed. While both coh
ent and incoherent parts contribute to the diffusion coe
cients of the general two-component system, the conduc
ties depend only on the scattering part. Even thoughe-h
scattering plays an important role in legitimizing the am
polar diffusion approximation,8 we show that the diffusion
coefficients of the established composite system do not
pend on thee-h scattering rate. Instead the ambipolar diff
sion coefficient depends only on the coherent part of
interaction, the band-gap renormalization. We found that
coherent many-body interaction leads to a significant red
tion of the ambipolar diffusion coefficientsDNN and DTN
and an increase in coefficientsDTT and DNT . We note that
this quite significant change in diffusion coefficients, esp
cially in DNN and DTN , should be important in describin
optoelectronic devices where spatial inhomogeneities of d
sities, or plasma temperatures occur. Such nonuniform
are quite ubiquitous in high power and ultrafast device11

such as lasers, photoconductors, and photodetectors. Sim
tions of such devices using the microscopically calcula
diffusion coefficients will be reported elsewhere.

The authors thank Rolf Binder for a helpful discussion
the diffusion coefficient reduction.
s

*Electronic address: cning@mail.arc.nasa.gov
†Electronic address: jianzhng@nas.nasa.gov
1H. Haug and S. Koch,Theory of the Electrical and Optical Prop-

erties of Semiconductors, 3rd ed.~World Scientific, Singapore,
1994!.

2W.W. Chow, S.W. Koch, and M. Sargent,Semiconductor Laser
Physics~Springer-Verlag, Berlin, 1994!.

3R. Binder and S.W. Koch, Prog. Quantum Electron.19, 307
~1995!.

4D.S. Chemla and J. Shah, Proc. Natl. Acad. Sci. U.S.A.97, 2437
~2000!.
5J. Meyer, Phys. Rev. B21, 1554~1980!.
6O. Hess and T. Kuhn, Phys. Rev. A54, 3347~1996!.
7M. Lundstrom, Fundamentals of Carrier Transport~Addison-

Wesley, Reading, Massachusetts, 1990!.
8J. Li and C. Z. Ning~unpublished!.
9J. Li and C. Z. Ning~unpublished!.

10R. Zimmermann, Phys. Status Solidi B146, 371 ~1988!.
11M. W. Feiseet al., Spatially Resolved Current Density Dynamic

in Photoconductive Switches, OSA Technical Digest of Ultrafast
Electronics and Optoelectronics~OSA, Washington, D.C.,
2001!.
5-4


