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A theoretical analysis of the shift of the drop recombination line is shown to give direct information about the

change of the effective energy gap with doping.

The change of the band structure of a semicon-
ductor with doping has attracted considerable in-
terest.'™® More recently, high-excitation exper-
iments have been carried out in'® Si and'*"!® Ge
and the recombination line was subsequently in-
terpreted in terms of a condensation within the
charge-carrier system. The purpose of this paper
is to discuss the relation between a specific prop-
erty of the heavily doped semiconductor, namely,
the energy gap, and the drop luminescence. It
thus supplements a previous paper by the same
authors,

Let np=Np/V denote the density of donors and
n,=N,/V the density of (optically excited) elec-
tron-hole pairs. It has been shown’ that the elec-
trons in the conduction band of density n,=#,+np
(and the holes in the valence band) can approxi-
mately be described by respective quasiparticles
moving in a screened potential V" of randomly
distributed ionized donors. The quasiparticle
properties are determined by the particle-parti-
cle interactions, which lead to self-energy shifts,
E2*n,, np), and a small change in the effective
masses, which will be neglected. The potentials
V" can be decomposed® ™ into an averaged term
V4 ™n,, np) and a term 5V ", which stands for the
potential fluctuations around Ve, Assuming a
superposition of donor potentials of the type

v(r)==ete*" fegr (1)

where %, is the appropriate screening constant , 2
we get for??
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This means that in the Thomas-Fermi approxi-
mation the energy per electron-hole pair is not
affected by the averaged interaction with the do-
nors. The potential fluctuations then only lead to
band tails, * but leave the local energy gap un-
changed.® This band tailing will be neglected
here, as for the doping levels under consideration
the number of states in the tails is comparatively
small.? The density of states is then parabolic
and the energy gap well defined. The total energy
of the carrier system with respect to the electron-
ic ground state (i.e., zero excitation) reads®

13

E, (N, Np) = N, [Ey(n,, np) + E3+ AEZ(np)] . (3)

Here AE? denotes a shift of the unperturbed ener-
gy gap E?, owing to direct influences of the do-
nor centers, suchas local strain.’® This term is
supposed to be independent of carrier densities
(or at least slowly varying with n,), but may
change with the chemical nature of the impurity. *
However, AEf seems not to be well understood in
detail—the contribution from particle-impurity
scattering is negligible according to Wolff!—so we
will treat AE7 as a parameter to be determined
later. Finally,

Ep(npy nD)_—'Ee(npa np)* Eh(nps np)+R (4)
is the mean energy per pair, where
E*Mn,,np) =4 E4"+ ESF (5)

E¥M is the Fermi-energy of the electron (hole)
system, and E2" is the exchange-correlation en-
ergy. R describes the change in energy of the
excess electron system due to the presence of the
electron-hole pairs

R=(np/n,) [ E4n,, np) - E%(0,np)] . (6)

Bergerson ef al.'” included an additional term,
which might be interpreted as the change in the
self-energy of the donor point charges caused by
the interaction with the plasma., We believe, how-
ever, that the system under consideration should
be restricted to the free carriers.

The high-energy edge of the electron-hole re-
combination line or the minimum energy required
to add an additional pair is given by

oF NE N,
€(nw np)= to‘éN 2 No) . (7
»

Owing to scattering, momentum conservation does
not impose any restriction.

Low-excitation limit

For n,—-0, € is the so-called optical gap® and is
given by

EP(np) = €(0,np) = ES + AES+ AEf+E2 s (8)
where
)
AE{=E* + ES +n, o Fie - (9)
e
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Also the single hole contributes to AEj, as it in-
teracts with the electron plasma. '8
The effective energy gap can be defined as

EX(np)=EP(np) - E% . (10)
It is shifted from its value at np =0 by
AE,(np)=AED + AE . (11)

AEg(1zD) has been investigated experimentally in
various doped materials. This is usually done by
analyzing the absorption coefficient derived from
a transmission measurement®? or the recombina-
tion radiation from injected carriers.*

High-excitation limit

For a high density of electron-hole pairs one
might expect a condensation to occur within a free-
carriers system, similar to the situation in un-
doped material. 19 This possibility has been con-
firmed theoretically in Refs. 17 and 14. Qualita-
tively, this can be seen from Eq. (3): For given
particle numbers and volume, E, is still a func-
tion of the free parameter n,. At zero tempera-
ture the stable state of the system will be that of
lowest internal energy, i.e.,

OE (1, np) -0

1
on, ( 2)

If a minimum exists (which has to be examined in
detail), condition (12) determines the density

ng(nD) and the chemical potential p of the condensed
state:

wnp) = E (13, np) . (13)

Outside that phase #,=0 for T=0, if Eq. (12) de-
fines an absolute minimum.

For the drop the high-energy edge of the recom-
bination line according to Eq. (7) is given by

IeVay(np) = €03, 1p) = w(np) + ES+ AE? . (14)

The recombination line has been measured in'® Si
and!! Ge for high-doping levels,

Energy gap and drop recombination line

Substituting AE? + EJ in Eq. (10) by

AEP + ES= hw o (np) = 1(np) (15)
from Eq. (13), one gets

EF = hmay(np) = p(np) + AES . (18)
Having in mind that by definition

EQ= s (0) = 1(0) (17
the shift of the energy gap is given by

AE, (np)=Ej —Ey= Al — Au+ AES (18)

Comparison with Eq. (11) finally leads to
AEP(np) = A — Al . (19)

L. BIRMAN 13

Equations (18) and (19) constitute the desired re-
lations between the drop property Ahv,,, and AE,,
AEP of the doped semiconductor. In order to
check relation (18) by experimental data, one has
to calculate Au(np) and AES.

As can be seen from Eqgs. (9) and (4), this ba-
sically means calculating the exchange-correla-
tion energies E%"n,, np). ES" is usually split into
two parts:

ESt=E2"+ EQ" (20)

where E%" is the mean exchange energy (k%" the
Fermi vectors)

E&"=—(36%/amey) k2" . (21)

The calculation of E®" is given in more detail in
Ref. 14; here we only briefly outline the method:
The plasma is treated as a dielectric medium
characterized by a single effective plasma mode
w(k). Any charged particle of type j will interact
with this mode resulting in a self-energy shift of
that particle. This shift is given in second-order
perturbation theory by
M RP(L =3 ngs

ite (k) + E?(lz+ Q) - E?(a) ’
where néf; are the occupation numbers of the un-
perturbed single particle states E%(q) of spin o.
MA(P) is the form factor of the interaction, includ-
ing local-field corrections,.?® Equation (22) could
also be used for a single hole (np-— 0):

Mj(k)z
nw(®)+ ES(k + @) - EXQ)

Ei=- (22)

E'(n,~0)=E'==

-
k

. (23)

Unfortunately, for this case the correlation cor-
rection to the local field acting on that single par-
ticle seems not to have been discussed so far, as
mentioned previously in Ref. 20. Equation (23) is
rather sensitive to such a correction, but we ex-
pect from Ref. 18 that E?, will be one order of

magnitude smaller than EZ,,so we may neglect E}, .

Application to Si and Ge

Experiments in the high-doping range show!%!!
that the line shape can reasonably well be de-
scribed by the combined parabolic density of
states, thus justifying the neglect of band tails.
This fact also enables us to relate the peak posi-
tion to the high-energy edge:

AEpeak = Ahumax'*' 5,

where & can be calculated from the knowledge of
the electron and hole-Fermi energies.

Table I summarizes some of the results, The
second column shows the equilibrium pair density
in the condensate, which goes through a minimum
near the Mott density »n,. (n, is marked in Figs.
1and 2.) The last column is AE] extracted from
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TABLE I. All energies in meV. Ap (np), ES, E!,
and AFES [Eq. (9)] from theory; A F? derived from ex- (meV) Si: P
periment using Eq. (19). /
np em®) ) em®)  Au p)  EL AES  AEP -70 -
1017 8.1x10'® _0,48 -3.68 -4.51 -1.8 -60 A
3.16x10'  2.8x10" _-0.85 -4.8 -6.00 -3.4 -50 A
Ge 10'® 2,4x10'®  -0,31 -6,48 -8.05 —6.0
3.16x10'®  2,6x10¢ 3,16 -8.74 -10,92 -10.5 -40
10'? 3.7x10'¢ 13,96 -11.89 -14,98 —19,1
3.16x10'"  2.3x10"® —0.56 -8.06 —9.78 -30 A
1018 1.5x1018  -1,40 -10.59 —13.00 —2.6
Si  3.16x10'® 2,8x10'7 -3.26 —14,00 -17.28 -9.7
10" 3.3x10'" -3,67 -18.68 -—24,20 -16.3 -20 4
3.16x10'%  4,8x10! 2,61 —25.20 —32.50 —21.6
experiment. It generally increases more rapidly -10 +
with 7, than does AES; in Ge we find AE, ~nb'2,
The total energy shift as shown in Figs. 1 and 2 N
can above 7, be approximated by - f— Ny
18 19 20
AE(np)~n} , 10 10 10

where x=0, 3 for Si and 0. 34 for Ge. Although
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FIG. 1. Measured shift!! AE oo of the electron-hole
recombination line in Ge and derived shift Ahv,,, as-
suming the line shape to be determined by the combined
density of states. Solid line: AE, from Eq. (18);
experiment, Ref. 5; dotted line: experi-

broken line:
ment, Ref. 4,

DOPING LEVEL (cm™)

FIG. 2. Measured shift!” A kv, of the electron-hole
recombination line in Si and derived shift A E .. Solid
line: AE,from Eq. (18); broken line: experiment,
Ref. 6.

AE, contains correlation effects and contributions
from the donor interaction in addition to the par-
ticle exchange energy, this result is very near to
x=% expected from the exchange contribution
alone.® The agreement of our result with other
experimental data is satisfying for Ge, especially
if one takes into account the large experimental
uncertainty for AE,. Including of E* should further
improve the agreement.

For Si there is unfortunately only one experi-
ment to compare, for which x~3 was found. Our
analysis had to be based on few experimental
points for Ahv,,, so the discrepancy between ex-
periment and theory is not conclusive and could
possibly be removed with the help of further data.

The procedure as carried out for Ge and Si can
be interpreted as a new method for measuring the
energy gap shrinkage in doped semiconductors: it
is a direct method, in that it only requires to
study the shift of a characteristic recombination
line, which should be possible quite precisely.
The accuracy further depends on the reliability of
the theory, which can easily be checked by its ad-
ditional predictions, like the halfwidth of the re-
combination line.® An additional advantage is the
fact that Anv,,, should within same limits not de-
pend on the excitation power, as a consequence of
condensation., This was confirmed experimentally
for low doping levels, but seems not to be true at
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least for intermediate doping. 12,13 This depen-
dence could be due to surface effects or potential
fluctuations both not considered here, but has not
yet been reported for the high doping range. In

any case it would introduce only a minor error in
the derived AE,. Further experiments—also with
different impurities—could help to clarify the sit-
uation.
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