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Observation of Large Electron-Hole Drops in Germanium*

Bernard J. Feldman
Department of Physics, Unioersity of California, Berkeley, California 94720

(Received 25 March 1974)

This Letter reports the first direct observation of electron-hole drops (EHD) in ger-
manium. An intense, focused laser beam creates a single, large EHD, whose shape and
size are determined by the spatial distribution of its luminescence. The observed drops
are spherical in shape with radii that increase from 0.25 mm to over 1 mm with increas-
ing 1aser power. These results confirm size measurements of the EHD by recent decay-
kinetics and dimensional-resonance studies.

This Letter reports the first direct observation
of electron-hole drops (EHD) in germanium. An

intense, focused laser beam creates a single,
large EHD, whose size and shape are determined
by the spatial distribution of its luminescence.
The observed drops are spherical in shape with
radii that increase from 0.25 mm to over 1 mm
with increasing laser power. Previously, the
drop size was inferred by Rayleigh scattering, "
charge pulses in P-n junctions, "far-infrared ab-
sorption, ' and cyclotron resonance'; these ex-
periments gave drop radii from 1 to 20 pm.
Very recently, decay-kinetics' and dimensional-
resonance studies suggested the existence of
large EHD radii of the order of 0.2 mm; those
latest drop-size measurements are confirmed by
this work.

The experimental procedure consists of the
following: A 2-W Ar-Kr ion laser beam is fo-
cused onto the germanium samples by a lens
mounted on an x-y micrometer translator. The
two samples used are 2.5-cm-diam disks with
thicknesses d of 0.5 and 1.0 mm of very high-pur-

ity P-type Ge" which are optically polished and
etched in a CP-4 solution. The crystals are
mounted on an aluminum flange with a 0.15-mm-
thick vertical slot (see Fig. 1), and then immersed
in liquid He in an optical cryostat. The EHD re-
combination luminescence (709 meV) that passes
through the slot is collected and focused onto the
entrance slit of a monochromator, and then col-
lected from the monochromator exit slit and fo-
cused onto a Ge photodetector, in an arrangement
similar to that previously reported. "

The theory behind this experiment is very
straightforward. The translating lens moves the
focused laser beam==-and with it the one large
EHD—a,cross the vertical slot. If the drop radius
is much greater than the slot width, the EHD
luminescence through the slot, I, is proportional
to the cross-sectional area of the drop subtended
by the slot (see Fig. 1). For a spherical drop of
radius R and a lens position x, measured from
the center of the slot, I(x) CC:R' x' for Ix(&-R,
and I (x) = 0 for Ixl &R. The volume of the drop,
V, is proportional to f„I(x)dx, and the cross-

7.0 — (a) P =0.060
R = 0.28m

6.0—

(b) P =0.169
R =0,44fn

(c) P=O
R=O.

I I I

I (x)

~ 5,0—

4.0—0

o 50—

Slotted
A luminurn

Ge Crystal

Laser Beam

, 0.5 mm
I I

2.0—

I .0—

C
I

-05 0 05 -0.5 0 0.5
X (mm)

ooR R)~
—I.O -0.5 0 0.5 I.O

FIG. 1. Schematic diagram of the Ge sample and
sample holder showing the optical geometry of the
experiment.

F/G. 2. The luminescence intensity I as a function of
the lens position x for three laser powers P. The cir-
cles are the experimental points; the solid line is the
theory I Q) ~R -x . The sample temperature is 2.0'K
and the sample thickness is 1 mm.
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sectional area of the drop, A, is proportional to
I(x=0).

A typical spectrum of I(x) is shown in Fig. 2(a).
The circles are the experimental points, and the
solid line is just the function A' —x', with 8
= 0.28 mm chosen for the best fit to the data.
Even without a slit function folded into the theory,
the agreement between theory and experiment is
excellent.

As the laser power P is increased, "the drop
radius increases as shown in Figs. 2(b) and 2(c).
A plot of R(P) for the 2 =1-mm sample is given
in Fig. 3, which also includes the experimental
values of U'I'(P) and A'~(P). The fact that R(P),
A'~(P), and V'I'(P) have the same dependence on
P, namely P "', is further evidence that the
drop is spherical.

The interesting behavior of I(x), R, and A'I' at
high values of P is due to the fact that the drop
diameter becomes greater than the sample thick-
ness. Then the EHD growth is limited by the
sample surfaces in one direction and expands in
the other two dimensions; the drop keeps its den-
sity fixed and starts to resemble a pancake. The
flattening of the peak of I(x) in Fig. 2(c) is just
the flattening of the pancake. The relative de-
crease in A'~' and increase in R in Fig. 3 cor-
respond to the bounded growth of the drop in one
dimension and the increased expansion in the
other two. Notice that the divergence in A'I'(P)
and R(P) starts approximately at R = 0.5 mm, one
half of the sample thickness. In the d =0.5-mm
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sample, this behavior starts at 8 =0.25 mm.
The free-exciton (FE) luminescence (714 meV)

is unobservable at 2.0'K because the FE equili-
brium concentration is so low at that tempera-
ture. " However, at 4.2'K both the FE and EHD
luminescence are observed as shown in Fig. 4.
The spatial distribution of the FE has an expo-
nential behavior characteristic of a diffusion pro-
cess and is in sharp contrast to that observed for
the EHD.

These experimental results are inconsistent
with the idea of a gas of small EHD. The spatial
distribution of such a gas wouM follow that of the
FE gas, namely exponential in shape and relative-
ly insensitive to P. This model cannot explain
the observed spherical distribution, its expan-
sion with increasing P, and its interaction with
the back surface of the crystal. All these results
strongly suggest the existence of one large,
spherical EHB.

There is one primary reason why such large
single drops are created in this experiment: An
intense laser beam of the order of 0.1 %that is
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FlG. 3. The experimental values of the EHD radius
8, , area A, and volume V as a function of the incident
laser power P.

FIG. 4. The FE and EHD luminescence intensity I as
a function of the lens position x. The solid line is the
EHD line-shape theory with 8 =0.25 mm.
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well focused to a spot size of about 0.1 mm~0. 1
mm creates an extremely high and localized con-
centration of free excitons that can condense into
one large drop. Many of the previous experi-
menters' ' that measured much smaller drop
sizes worked with lower light intensities and
larger spot sizes which could create many small
drops instead of one large drop.

There is one serious problem with this large
EHD model: The maximum drop radius calcu-
lated from knowing the incident laser power" is
approximately one half of that measured by fitting
I(x). There are a number of possible explana-
tions for this disagreement: (l) an underestima-
tion of the laser power or its electron-hole con-
version efficiency; (2) an overestimation of the
drop radius; (3) the existence of voids inside the
EHD occupied by free excitons; (4) an enhance-
ment of the EHD lifetime for such large drops;
or (5) some combination of the above. This ques-
tion is being presently investigated.

I am very grateful to W. L. Hansen and E. E.
Hailer for providing the Ge samples and to C. D.
Jeffries, R. S. Markiewicz, and T. K. Lo for both
experimental assistance and stimulating discus-
s1ons ~

*Work supported in part by the U. S. Atoxnic Energy
Commission, Report No. UCB-34P20-165.

Y. E. Pokrovskii and K. I. Svistunova, Pis'ma Zh.
Eksp. Teor. Fiz. 13, 297 (1971) [J'ETP Lett. 13, 212
(1971)].

J. M. Worlock, D. H. Olson, and K. L. Shaklee, Bull.
Amer. Phys. Soo. 18, 301 (1973).

3V. M. Asnin, A. A. Bogachev, and N. I. Sablina, Fiz.
Tverd. Tela 14, 399 (1972) [Sov. Phys. Solid State 14,
332 (1972)].

C. Benoit a la Guillaume, M. Voos, F. Salvan, J. M.
Laurant, and A. Bonnot, C. B.Acad. Sci., Ser. B 272,
236 (197'1).

~V. S. Vavilov, V. A. Zayats, and V. N. Murzin,
Pis'ma Zh. Eksp. Teor. Fiz. 10, 304 (1969) [JETP
Lett. 10, 192 (1969)].

8J. C. Henael, T. G. Phillips, and T. M. Rice, Phys.
Rev. Lett. 30, 227 (1973).

'R. M. Westervelt, T. K. Lo, J. L. Staehli, and C. D.
Jeffries, Phys. Rev. Lett. 32, 1051 (1974).

R. S. Markiewicz, J. P. Wolfe, and C. D. Jeffries,
Bull. Amer. Phys. Soo. 18, 1606 (1973), and to be pub-
lished.

A similar experixnental technique was employed by
Y. E. Pokrovskii and K. I. Svistunova, Fiz. Tverd. Tela
13, 1485 (1971) [Sov. Phys. Solid State 13, 1241 (1971)];
C. Benoit a la Guillaume, M. Voos, and F. Salvan,
Phys. Rev. Lett. 27, 1214 (1971); R. W. Martin, Phys.
Status Solidi (b) 61, 223 (1974). However, our observa-
tions and conclusions are quite different.

~~The samples used in this work are from the same
boule as samples 145A and 145B of T. K. Lo, B.J.
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Lo, Feldman, and Jeffries, Ref. 10.
The laser power absorbed by the Ge crystal is ap-

proximately 36Vo of P (Figs. 2 and 3), as a result of
losses in the optics and reflection from the Ge surface.
For E=0.1 W, the calculated sample heating is less
than 0.1 K.

~3The maximum radius is calculated by assuming that
each absorbed photon creates one electron-hole pair,
all of which condense into one drop with a density of
2&&10'7 electrons/cm3 and a lifetime of 3.5&10 ~ sec
(Ref. 7).
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A model to explain dc electroluminescence in GaN diodes is presented. The voltage
applied to the diode is partially localized at sharp points and ridges at the cathode. Elec-
trons, tunnel-injected into the active material at the points and ridges, gain sufficient
kinetic energy in the high field to cause impact excitation of the luminescent center ei-
ther directly or indirectly (electron-hole-pair impact excitation across the GaN gap with
subsequent hole capture by the luminescent center).

Electroluminescence (EL) from GaN diodes
without p-n junctions has previously been report-
ed, ' but the mechanisms of charge transport, ex-
citation, and de-excitation were not clearly un-
derstood. More recent work has made possible

new insights into the properties of Gaw m-i-n
(metal —insulator-n-type) diodes.

The Gaw EL diodes are made by a technique de-
scribed earlier'. First, undoped n-Gaw is grown
by chemical vapor deposition' onto a sapphire
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