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Screening in modulation-doped quantum wells: Finite-thickness correction
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The electrostatic potential of a point charge screened by quantum-confined free carriers in a semicon-
ductor heterostructure is calculated analytically, with inclusion of a spatial extension of the screening
charge along the growth axis. The resulting expression is tested by computing numerically the binding
energy of excitons between E2 and H1 subbands in a one-side modulation-doped quantum well, giving
values in good agreement with experiment. The finite-thickness correction is 2.1 meV for a 150-A quan-
tum well with a carrier density of 10'' cm™2. It is found that the screening effect can be significantly re-
versed in wide wells with large carrier concentration due to the band-bending effect.

Charge screening is a fundamental issue in the theories
of transport and optical properties of semiconductors,
and the specifics of the screening effect is related to the
dimensionality of the semiconductor system.!” On ac-
count of the fact that the Thomas-Fermi screening length
for a two-dimensional system is concentration indepen-
dent, it is predicted that in semiconductor heterostruc-
tures and quantum wells (QW’s) the screening effect is sa-
turated at high carrier densities. Namely, if the screening
carriers are described by a two-dimensional density of
states, then a Coulomb center cannot be screened out at
any carrier concentration, and a residual and sizable
Coulomb interaction will always remain,*”® and this pre-
view is supported by experimental data, which show that
excitons can be detected in the presence of a high-density
quantum-confined electron gas.””!© The bleaching of ex-
citons observed at large carrier densities® ™! is attributed
to the phase-space filling? (PSF) effect. However, PSF
bleaching is only effective for excitons involving filled
subband states, and hence excitons between unoccupied
subbands are always detected at low temperatures.’ '°
These excitons are described by a binding energy which is
reduced from the undoped value on account of screening.
Although the screened exciton binding energies have
been estimated experimentally,!® there is some difficulty
in comparing the experimental values to the theory, since
the latter is usually developed within the strictly two-
dimensional limit, or else is not applicable to excitons be-
tween excited subbands, since only the electrostatic po-
tential average over the charge distribution in the funda-
mental subband is available.">*%1!! The purpose of this
communication is to estimate the correction on the
screening effect which follows from the finite thickness of
the screening charge along the growth axis when applied
to carriers in the excited electronic subbands. To achieve
this goal, we consider here the E2-H 1 exciton binding en-
ergy in a one-side modulation-doped Al, Ga,_,As quan-
tum well and compare the results with those obtained in
the two-dimensional limit and estimate the finite-
thickness correction. First, the electrostatic potential of
a Coulomb center is calculated in the random-phase ap-
proximation (RPA), whereby the spatial extension of the
E1 screening charge is incorporated via standard varia-
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tional wave functions. Second, the resulting potential is
applied to calculate the E2-H1 exciton binding energy as
a function of well width and carrier density.

Consider a semiconductor heterostructure with elec-
trons occupying states in the fundamental E1 subband,
and a positive elementary charge at some position z, in
the growth axis. The electrostatic potential ¢(r) of the
Coulomb center is described by the Poisson equation (in
cylindrical coordinates and SI units here)

V2p(p,2,20) = — (47K /€)[ ping(p>2,20) +e8(p)B(z —24)] ,
(1)

where p; 4 is the screening charge, induced by the positive
charge, and € is the dielectric constant, taken to be posi-
tion independent throughout the structure. Taking ad-
vantage of the axial symmetry, it is convenient to Hankel
transform'? ¢ and p;,4 to obtain

’p(k,z,2,)
T—k2¢(k,z,zo)
47k e
=T pind(k,Z,ZoH‘Zﬁ(Z —2zy) | . ()

If the confinement of the E1 electron along the growth
axis is less than =~2ayp, where ay is the bulk exciton Bohr
radius calculated with the transverse exciton mass, then
to a good approximation'** the positive charge will not
modify the electronic wave-function component in z, and
in the random-phase approximation the induced charge
will be given by"*?2

€
27K

Pind(k.2,20)=— =—sf (k /2kp )Xz @lh,zg)) ,  (3)

where the E 1 subband is assumed parabolic, described by

an effective mass m*, s =2ke*m* /e#? is a screening con-
stant,

(ptk,20)) = [ x}1(2)plk,z,20)dz
andat T=0K
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1, k<2ky

S Uk /2kp)= ll—[1~(zkp/k)2]1/2, k>2ky

where kj is the Fermi wave vector. The factor f (k /2kg)
accounts for the finiteness of the Fermi surface and en-
sures the absence of screening when the subband is empty
(that is, when kp=0). Equation (3) is identical to the
semiclassical Thomas-Fermi approximation if the factor
f(k/2kp) is substituted by unity.! Under condition (3)
we obtain the general solution to Eq. (2):
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where P(k,z)= fe"'k!" ”z'l)(zEl(z')dz’, and the average is
taken as before.

In order to incorporate the finite thickness of the
screening charge into our model, the particle density
x%1(2) can be approximated by standard variational wave
functions. For low carrier densities, when the band bend-
ing is small, a good approximation is

(2/L)? cosmz /L,
0, |z|>L,

<
Xer(2)= Iz =L

where parameter L is adjusted to obtain the best agree-
ment with the Hartree wave function. For this wave
function we obtain

e —klz—zg|
<p(k,z,zo)=:—k e °
sf(k/2kg)P(k,zy)P(k,z) 4)
k+sf(k/2kp){P(R)Y |’
|
1, k=0
2B qenh(kL /2)e =4, k0, |2l <L /2
P(k,z)={ kL ? ’
%%[1+2(kL/21r)zcosz1rz/L —e kL2 cosh(kz)], k70, |z|>L /2
and
1, k=0
{P(k))= {(3—5)/kL —2B/KLY(1—e "), k0,

where B=[1+(kL /2m)*]" L.

Nz, explk,z/2), z=0

Xg:(2)= N(z +z,)exp(—bz/2), z>0,

For higher carrier densities, when the band bending is significant, the modified Fang-
Howard wave function can be used (Ref. 2, pp. 166 and 186):

where z,=2/(b+k,m,/m,), N=(b>/2)"*[1+bz, +1b%23(1+b /ky)]" "% k,=2(2m,V,)""*/#%, m, and m, are
the electron effective mass in the well and in the barrier, respectively, and ¥, =1.247X0.65x eV is the conduction-band
discontinuity at the Al,Ga,_, As/GaAs interface. In order to obtain the best agreement with the Hartree wave func-
tion, parameters b and x were adjusted. For the modified Fang-Howard wave function the result is

P(k,z)=NZ%""* z—g<1—2kbz)+w , z2<0, k=k, ,
2k, (b+ky)?
z}? 2kz}? 2
ko= || G e e ) o e
B 22 4b3z3+6b%242bz, +1)+3(2bz +1)(2b%z2 +2bz), +1)
P(k,z)=NZ% b ko +b 257 , 220, k=b,
z? — 2[a,(zy+2)*+a,(z,+2)+a
P(k,z)=N2[ k,,jrk+c(1(,b—kl)(3) O LAl (b_l‘();’ 019"’21, 2>0, kb ,
and
(P(k)>:N4[ z} 2z7¢ (b +k) z 2(2b +k)z}  (8b2+9bk +3k2)(2bzz§+2bzb+1)l
ky(ky+k) (b +k)3(k,+k) bb+k) b%b+k) 2b%(b +k)> ’

f

where a,=2k(3b2+k?) /(b +k), a,=4bk(b —k)/ excited subbands (say, subbands E2 and H1) by finding

(b+k)?, a,=k(b—k)*/(b+k), and c(x)=x2z2+2xz, the fundamental eigenvalue E of the equation'®'®
+2. —# 3 5

Given the screened electrostatic potential ¢(k,z,z), 220 30 1P 30 +V(p)—E |¢(p)=0, (5)
we can compute the binding energy of an exciton between Mp op P
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where

Vip)=—e [ kdk Jokp)p(k,z,zo) X5 2)X311(20)dz dzo(6)

and p is the in-plane exciton reduced mass.

Now the calculation procedure can be described.
Wave functions Xg(z), Xg,(z), and xg(z) were ob-
tained in the Hartree approximation as described in Ref.
15. Limiting ourselves to the Hartree approximation
means that the exchange-correlation correction to the
subband particle densities! has not been included in our
model, however, for n-type quantum wells in the electric
quantum limit this correction is small and will not
significantly alter the Hartree result (Ref. 2, p. 165).
Wave function X g(z) was then approximated by a best-fit
analytical expression to give the electrostatic potential
(4), and X g,(z) and xy,(z) were used to calculate integral
(6) by Gaussian quadratures,'® and finally the E2-H1 ex-
citon binding energy was calculated by a numerical solu-
tion!’ to (5). In the calculations, we consider a one-side
modulation doped GaAs-Al,Ga;_,As QW with
Al ;Gag ;As barriers, the dielectric constant was taken
to be 12.6, the electron mass (0.07+0.08x)m,, the in-
plane H1 hole mass 0.25m,,'"!* and the H1 mass along
the z direction (0.38+0.1x)m,, where x =0 in the well
and x =0.3 in the barriers. The conduction-band offset
was taken to be 0.65 AE;, where AE; =1.247x V.

Figure 1 shows the exciton binding energy as a func-
tion of carrier density obtained in the Thomas Fermi ap-
proximation, in the two-dimensional limit [that is, by tak-
ing x%,=28(z) at the inverted interface] and finally the re-
sult of (4). For larger carrier densities than shown, the
E?2 subband starts to be populated, and the PSF mecha-
nism of exciton bleaching would have to be included. It
can be seen from Fig. 1 that the finite thickness of the
screening charge enhances the screening effect, and this is
expected since the larger the well, the closer we are to the
bulk situation, where we know that the binding energy
vanishes at large carrier concentration. The finite-
thickness correction is quite substantial at any significant
doping level [for instance, 2.1 meV (2.3 meV) at a carrier
density of 10" cm™2 for L, =150 A (L,=200 A)]. More-
over we can see that for a one-side modulation-doped
QW, there is a critical carrier density (around 10'! cm™2),
above which the screening strength undergoes a turning
point. The latter effect is a consequence of the spatial
separation of the E1 electron and the E2-H1 exciton due
to the band bending [as can be seen from (3), the screen-
ing charge density decreases when the H1 hole moves
away from the E1 electron]. This effect should be more
pronounced in wider wells, where the spatial separation is
stronger. In Fig. 1(b) the E2-H1 binding energy for a
200-A well, which can be considered as an upper limit for
the reliability of the approximations used here, is shown.
For the largest carrier density allowed by the electric
quantum limit, the E2-H1 binding energy obtained is
around 2.0 meV (3.5 meV in the two-dimensional limit),
which compares to the experimental value of 1.6+0.2
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FIG. 1. Binding energy for E2-H1 excitons in a one-side
modulation-doped QW (a) L,=150 A, (b) L,=200 A. Dotted
line is the Thomas-Fermi result; dashed line is the RPA result in
the two-dimensional limit; solid line is the RPA result with ac-
count of finite thickness of the screening charge.

meV for a QW of the same parameters.10

In conclusion, we have shown that the finite-thickness
correction on the screening effect is significant, and this
correction was calculated for the E2-H1 exciton binding
energy for a one-side modulation-doped QW. On increas-
ing the carrier density in the E1 subband, the screening
effect can be significantly reversed due to band bending
and spatial separation of the screening charge and the ex-
citon.
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