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DENSITY VARIATION IN THE STRAIN-CONFINED ELECTRON-HOLE LIQUID IN Ge*

R.S. Markiewicz and S.M. Kelso

Physics Department, University of California and Materials and Molecular Research Division, _
Lawrence Berkeley Laboratory, Berkeley, CA 94720, USA : B o
(Received  May 1977 by A.A. Maradudin) o
In this paper we theoretically analyze two mechanisms which could e
account for the experimentally observed increase in pair density for o
the strain confined electron-hole liquid (EHL) in Ge. We find that _ L
the change in drop demsity with uniform stress is insufficient to . .
explain the experimental result. However, we find that the strain . ™~
gradient in the well acts to compress the liquid sufficiently to ' —
explain the observed density increases. Densities of twice the ‘
equilibrium value can be easily obtained for large enough drop size, ‘ -
but the density should vary by < 10% if the drop radius is < 100 um. : ;
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LARGE, LONG-LIVED electron-hole drops (EHD) can
"be produced in a potential well induced in.an
inhomogeneously-strained Ge crystal.l,2, 3 1f
such a drop (y-drop) is small enough, the
electron-hole pair density n inside the liquid
is essentially uniform. Experimentally, this-
can be determined by measuring either .the lumi-
nescence lineshape or the recombination lifetime
as a function of drop size (varied by changing
the laser pump power P). For small enough
Y-drops, the luminescence linewidth AE (pro-
portional to the Fermi energy) and recombination
lifetime T, (approximately proportional to n~1!)
both have constant values independent of drop
size., However, for drops with radius larger
than R ~ 150 y, both AE and Tsl begin to
increase with drop size, indicating that the
average density in the liquid is increasing.
There are at least two mechanisms which
could be responsible for an increase in n.
First, n should change with uniform stress. ‘It
has been shown theoretically4:5:6 that, for uni-
axial stress along a (1lll ) -crystal axis,/ the
equilibrium density should decrease by a factor
of 20 in going from zero stress to a high stress
limit. As the y-drop grows in the strain well,
liquid is pushed into regions of lower strain,
where the equilibrium density may be higher.
A second mechanism for raising the density is an
actual compression of the liquid in the well:
as the drop grows with P, liquid is forced into
regions of higher energy, and the drop can lower
"its total energy by increasing the pair density
in the low energy regions near the center of the
~drop. The purpose of this paper is to quanti-.
tatively compare these two mechanisms for
increasing the drop density. We find that most
of the density increase is due to compression,
and that over the experimental range of stresses,
the density does not change greatly with unlform
stress.
We write the energy per pair in the liquld
as the usual sum of kinetic, exchange, and cor-
relation energy contr1but10n3°

E=E +E +E, (1)
The exchange energy includes the corrections for
carrier mass anisotropy and valence band
degeneracy® as calculated by Combescot and
NoziB8res.5 The form for the correlation energy
is discussed below. Our calculations assume
that only one conduction band minimum is
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masses, and mgp = 0.075 m
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occupied, and hence are valid only for compres-
sional stresses greater than about 3 kg/mm2.
(Only for (111 ) —stresses larger than this is
the drop attracted to regions of higher strain.3)
At each stress the energy, Eq. (1), is mini-
mized with respect to density, and the resulting
equilibrium values ng and E, are plotted in
Figs. (1) and (2). 1In each figure the three
curves correspond to three models of ‘the cor-
relation energy, E;. In the first two models,
both the exchange and the correlation energy are
taken to be independent of stress. The entire
stress dependencé comes from changes in hole
kinetic energy as the two valence bands are split
by stress. The hole kinetic energy [EE(n)] at
T = 0 is found by numerical integration over the
full strain-split hole bands.? Model 1 employs
a detailed numerical calculationlO for the cor-
relation energy valid in the low stress limit
[Ge (1:2) in the notation of Ref. 3]. The
results of this calculation were kindly supplied
to us by Dr. Vashishta., In model 2, this
detailed calculation is replaced by a simple
empirical correlation energy, given as the sum
of Wigner-type contributions from the electrons .
and holesll
EC -7 '1/3EA/ B -1/33A/ . (2)
n Moe O Toh

Here m,, = 3(m‘§l1 + ZmEI)"1 = Q.12 m, is the elec-
tron optical m_ass,4 and m,y is an ‘approximate
hole optical mass given by

-1 _ =1 -1

2on = Mg * Pry )
where my, and myy are heavy and light hole
o+ This mass is the
correct optical mass to use in the high stress
limit, and has been used as well%s6 in calcu-
lating the binding energy in unstressed Ge. A
and C are parameters whose values are adjusted
to yield Vashishta'sl0 equilibrium values of E,
and ny in the zero-stress limit. It can be seen
that these two models give results in reasonable
agreement, and also agree approximately in the
high-stress limit with the calculations of
Ref. 6. In model 3 we attempt to estimate the
importance of the change in correlation energy
with stress; E. is given by an expression of
the form of Eq. (2), but now my;, is given byl2
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where NHH/N is the fraction of holes in the
heavy hole band, Ngy + Ny = N, and C and A are S
recalculated. The optical masses m oHH and M, H .

are calculated numerically by integrating over
the Fermi surface:

N 7 . .
HH

—_ 1 ]SE gﬁ S(E-Ep)d%k (5) ,

oHHij 472 | | k

For a (111 ) -stress, m MoHHij 1S diagonal with R | {

longltudlnal and transverse components, and
3moHH moHHR + zmoHHt' The resulting hole
optical mass varies from 0.25 m, to 0.075 mol3
as' the stress varies from 0 to -». (Compres-
sional stresses are taken to be negative.) The
resulting n, and E, derived from this model
differ discernlbly from the results of the other
models, especially in the region of experimental
interest (-0 = 3-10 kg/mm?), and it would be of
interest to attempt a more detailed calculation
of E¢ at finite stress. , '

- In all three models, however, most of the
change in density occurs- after one hole band is
completely depopulated, as indicated by the
arrows in Fig. 1, For lower stresses, the
change in n is too small to explain the
observed™~ power dependence of the y-drop line~
~width or lifetime. For example, for typical
experimental conditions the equilibrium pair
density could not vary by more than 35% over the
entire well (-0 = 3-6 kg/mm?), unless compres-
sional effects are considered. Experimentally,

- the density is observed to increase by =~ 8.
factor of two for drops of radius 400 ym.~2
) The compression of the straln-confined
liquid may easily be estimated. Inside the

Y-drop the carriers adjust the local density so . "
that the chemical potential is constant through- o '
out the drop volume. At T = 0, the chemical : (f
potential can be written !
p=E+24+E ~(6)
.n s o

where E is the energy per pair, p is the fluid
pressure, n is the density, and E5 is the strain
energy. E is given by Eq. (1), which for small
deviations from the equilibrium density may be
approximated '
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E=E,+5 Eo(n—no)z , (7)

where Ej and n, are the equilibrium pair energy
and density, and E, is related to the compres-

sibility. The pressure is then given by

_ 2_3_E_= 2. _
P=n"3==n Eo(n no) . (8)
Near the bottom of the potential well, the strain
energy is approximately parabolic:-

E = afz (M

where o = 8 meV/mm? for a stress of ~ -5.5 kg/mm?
along a (111 ) crystal direction.

Keeping only terms linear in (n—no), Eq. (6)

may be written
_ " - 2 _
M=E + noEo(n n) +or’ = const. (10)

The constant is determined by the boundary condi-

-tion that p be continuous across the surface.

At low T the gas pressure outside the drop can
be neglected, so that

n(r=R) = n, (11)
where R is the drop radius.. In this case,
Eq. (10) yields
n(r) = no[l + 4 (R%-r?)) (12)

"where &4 = a/(ngEg). VashishtalO has calculated

ngEg = .62 meV for Ge(l:2). This compression
is large enough to explain the experimental
effects., For example, for a 400 um radius drop,
Eq. (12) predicts n(r=0) ~ 3 n,. However, if
the drop has a radius less than 100 pm,. the
density will be within 107 of the equilibrium
value throughout the drop. - '

It is interesting to note that the compres-
sion predicts that the density should be higher
in the center of the drop, while a variation. in
density with uniform stress. predicts that the
density should be higher at the surface of the
drop.l/ It has in fact been foundl® that the
density is higher at the center of the drop,
thus confirming the theoretical ideas presented
here. In a later publication,l a more complete
theoretical and experimental determination of
n(r) will be presented.

 LBL-6245



S - | LBL~6245

Acknowledgement ~ We would like to thank

C.D. Jeffries, J.E. Furneaux and C. Kittel for
useful and interesting conversations, and
B. Chakraborty for a useful comment.

K



(o NV, B S Ry WV ]

9.

10.
11.

12. .

13.

14.
15.

16.
17.

18,

A ——— -

REFERENCES : ' _ .

Supported in part by the U.S. Energy Research and Development Administration,
MARKIEWICZ R.S., Thesis (University of California, Berkeley, 1975), unpublished.

WOLFE J.P., MARKIEWICZ R.S. & JEFFRIES C.D., Proceedings of the 3rd Intermational
Conference on Light Scattering in Solids, Campinas, edlted by LEITE R.C.C. (Flammarlon,
Paris, 1975), p. 173.

MARKIEWICZ R.S., WOLFE J.P. & JEFFRIES C.D., Physical Review B 15, 1988 (1977)

BRINKMAN W.F. & RICE T.M., Physical Review B 7, 1508 (1973).

COMBESCOT M. & NOZIERES P., Journal of Physics C 5, 2369 (1972).

VASHISHTA P., BHATTACHARYYA P. & SINGWI K.S., Physical Review B 10, 5108 (1974);

BHATTACHARYYA P., MASSIDA V., SINGWI K.S. & VASHISHTA P., Physical Review B 10, 1527 (1974).

The local stress near the bottom of the well is essentially the same as a {111 ) uniaxial
compression. See Ref. 3. .
The exchange energy of the holes should vary by ~ 254 with stress. This effect is ignored
here and the low stress exchange energy is used.

BALSLEV I., Physical Review 143, 636 (1966). For nonparabollc bands, the kinetic energy
is not simply(B/S)EF.

VASHISHTA P., 'private communlcatlon.

BUTTNER H., Festkorperprobleme XIII, 145 (1973)

LAX B. & MAVROIDES J.G., Physical Review 100, 1650 (1955). ,

While it is possible that the hole mass 1n51de an EHD could differ from its value in pure
Ge, this effect is neglected in the present calculation, .

WOLFE J.P., MARKIEWICZ R.S., KELSO S.M., FURNEAUX J.E. & JEFFRIES C.D., to be published.
KELSO 5.M., MARKIEWICZ R.S. & FURNEAUX J.E. » Bulletin of the American Physical Society 22,

1269 (1977). -

The change in pressure crossing the drop surface is proportional to the surface tension,
but this correction generally has a negligible effect.
In model 3, there is a range of stress for which n would be highest at the drop center.

~ However, the average density would then decrease as the drop size increased, contrary

to the experimental results of Refs. 14 and 15.
KELSO S.M., et al., to be published. :

_L—

SH79-141

4

g
P



Ve

R B LBL-6245 .

FIGURE CAPTIONS

Figure }. -Theéretiéal quilibrigm pair density no.inside an EHD, ‘
plotted as a functioﬁ of (111 )vﬁniaxial stress. The three différent
curves (labelled 1, 2, 3) represent three approximations to the cor-
relation energy, és discussed in the text. The calculations assume
only one conduction band eliipsoid.is occupied, and hence can be  com-
pared to experiment only for lol 3 3 kg/mm?. ‘The'&ashed line at‘

n, = 1.1 x 10'® cn™? is Vashishta's more acéurape theofeticél result
(Ref. 6) for the high-stress limit. All three curves are constrained»
to agree with.Vashishta's zero-stress result (Ref. 10). The arrows
indiéate-the stress at which éne hole hand is just depo?uléted (at

. [

T = 0 K). Note the scale change at —0 = lO'kg/mmz;

Figure 2. Theo:etical Binding energy Eo per pair in an EHD, wi;b
respéct'to‘the unfilled conduction band, plotted as a function of
{lll ) uniaxial étress. The‘threé éolid curves are as in Figure 1.
The daéhed line at -3.08 meV is Vashishta's result (Ref. 6) for the

high-stress limit,-
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