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Photograph of an Electron-Hole Drop in Germanium*

J. P. Wolfe, W. L. Hansen, E. E. Haller, R. S. Markiewicz, C. Kittel, and C. D. Jeffries
University of California, Berkeley, California 94720
(Received 21 April 1975)

We present the first photograph of an electron-hole drop in germanium,

Germanium
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19 September 1975, Volume 189, Number 4207 Sc I E NCE

study their properties? Exactly what are
their properties and how do they compare
with those expected theoretically? In this
article | will review the work in this field
and try to answer these questions.

Electron-Hole Condensation
in Semiconductors

Formation of Excitons

Most studies have been made on single
crystals of Ge, for which the pertinent

Electrons and holes condense into freely moving liquid bands of energy states E(k) of an electron
. . ) of momentum 7k are shown in Fig. 1. At
metallic droplets, a plasma phase with novel properties. liquid helium temperatures (T ~ 4°K) the

valence bands are completely filled and the
conduction bands completely empty: a

Carson D. Jeffries crystal of pure Ge is a perfect insulator. In-



“CATLYRN OEBRHIGEHL

1(#) RAYLEIGH-SCATTERED LIGHT

\€ /SCHOTTKY JUNCTION

p Ry
SPECTROMETER LAMP or
LASER PUMP

CHARGE | _
AMPLIFIER
C. D. Jeffries, Science 189 (1975).

o EILATES>HFDIET T 7LD HMER
EMAIE>EREHAINE I,
o FLERELRIES>H A XEIE

-

A
t ]

>




REDEERMGIN F0D1
HILARTREIL

1. 75p 1. 74 1.73u

l 1 I 1 1 ]

Experiment
Theory with Slit Broadening
Theory with no Slit Broadening

3.04°K

BEFEEADTIILS
DHEABDEHIAH

—{ = o
kOZJLwhk

I I 1 | _I 1 | I I

Germanium
T=3 K

THORAYT)L-RIL
YRR TE
i+

EHD

ot
et
g

|
[
I
A
-

- Ef s |
. . o Emax Emm
ﬁﬂ@?t;&;ﬁlﬁ\éﬂ:—ﬁ 1 EHD TE 1
| | | 1 L 1
704 706 708 710 712 714 716 718
mev

T. K. Lo, Solid state commun. 15, 1231 (1974).

FHILARGRLIE., I
ERIDxX) 7 DEE
HERIT S

Ly o [ NENAE=ES. f,dE

oL HER
1.0 = kT=p/100
kT =u/10
— kT =p/2
0.8 KT= i
0.6
0.4
0.2} \\
0.0t
0 i 2 ;I 4 5



A D RERRIGERL T D2

&) RAYLEIGH SCATTERED LIGHT
v

EAU 102 - : 104

1 Vl 1 1 | A
704 706 708 70 T2 714 Tié 718

709meVM i D FEIENDIETR
[ZHELN, BIEA B
S>EEH

25°K 3.5°K

R THAH_EDFERL o3 1 ,




EFEAOTLYFDOER

o ZIADMEFTEZ ZIRRRE

» BhEF D FTCIARBRENLTENKRDS
D [ F &

s BEERLRFOTLYRDERIZELL

v

X

. ISR E ST

EFIEFL—xHIYVDIRILE—FEZS

miill
il




INV KB RDNBH AP E D
JI)LSIR)LX—

A e s s
FIB{K Type 1 FEIK Type 2

__________________ IS DHET LT,
AE; FLCITHRILF—IKEE

S T T EEENnS
>

\/\/\> IRILF—FryT \/\/\

N RFERE
Ge:4x2 (RE>VH) =8
Si, Diamond: 6x 2 =12

IR)ILF—

T= 0 5.
e, e,

iz, -, =,

-~
e — . e

2 - || G

e
-

Is :

EEEE:B:P:
EEEEREEE

.
<

&
(A
(s




INRFEEDH BB &

IRILF—WIZHFEET S
JI)LSIRILF—
° 71)1/:*:1?0)#&*_; n INURHERE
* I*}L$_l\/l\%{ﬁle g Ge: g, =38

o ;_j;/]*_,_%ﬁ;ﬂ EEI‘ﬁﬁ d ~1/ (n/g)l/S’ Si, Diamond: g, =12
(FEH DK BEEDTRITR>TENTHB)
« FEEHRERIVITIILIESE
q:~h/d=h(n/g)*/3
¢ JIJIIRILF—
E :sz /2m~h?/2m *(n/g )2/3 ch-2/3

BT RILE— E, =3/5-FE,0cg/3




il

s FIFEFL—xt =YD IRILF—
SEEITRIILF—+ V—AVIRILF—

H—OVIRILF— = TRIRIILF—+BETRILT—

R I )L F—(Exchange Energy) (<0) oc n1/3
INDY) DB EIZELY
IRILF— AEVIREARLCEFFIEWZE#ITES

B\Z5|Z8INh
— - -_— ////‘—‘\\\\\ _— "/// \\\\ —C\
R LAY RIS NMEEE
- Alzi3

dbg ; — l‘\ + /’I —_—
ﬁ ?\ \\\ ///

HIF ¥ —D

EETRILF—(E,,) (<0, BEEDEL)
AEVHERLGHEF. EFL AT OMEETRILF—



INURERLI-FEATIE
BRSNS

P. Vashishta and R. K. Kalia, Phys. Rev. B 25, 6492 (1982).

BEFEA—XHEYDIRILE—
—EBEIRIILF—+H—OVIRIILF—

>ZJE)JE?O)§%$I*)L¥— =>RENEREIZ

— Ekin
T e N Eexch
------- Ecorr
N Y T T e
| |
"1 2 3 3 4
ISR E 2 rs=(3/4nn) “/ag i FElIEBE
BRI T F— - . BEREATRENL LY
rEmoTLEs | LIEILRIAIRAE | 22 9-noum

BEeRpIcE

A

FIE{K Type 1

]

HE(K Type 2 \




Type lla single-crystal diamond

Nitrogen < 50 ppb ‘1'
Boron < 1 pp mm
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and relaxation explosion of excitons
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