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Properties of the electron-hole condensate in Ge double-injection diodes. I ~
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The results of a study of the properties of electrically injected electrons and holes in Ge at liquid-He
temperatures are presented. The injected electrons and holes are found to form a condensate with properties
like those extensively explored in optical-excitation experiments. Spatial scans of the recombination radiation
from the condensate show that it is possible to obtain an approximately uniform distribution of condensate
between the p+ and n+ contacts. The transient response show's that the radiation from the condensate decays
exponentially at 3.2'K, with a decay time of approximately 40 p,sec. A number of features of the condensate
radiation are found to be in agreement with the properties observed in material doped with Li.

I. INTRODUCTION

The properties of the condensate of electron-hole
pairs in germanium and silicon at lom tempera-
tures have been explored in a number of experi-
ments. '~ In all of these experiments, the pairs
are produced by either electron-beam or optical
excitation of the Ge crystal. These experiments
have established the physical properties of the
condensate, ' the phase diagram governing the
formation of the condensate, ' and the existence of
droplets of condensate. 4

Most studies have been performed on high-puri-
ty Ge and Si. However, there have been studies
of the effects of a number of different impurities
on the recombination spectrum from both Ge and
Si. ' " These studies show that impurities may
produce a number of distinctly observable features
in the recombination spectra. The impurities are
responsible for additional lines in the spectra due
to recombination of excitons bound to impuri-
ties'0' ' and a concomitant reduction in the in-
tensity of the free-exciton line. The condensate
line itself is also changed. At impurity densities
greater than about 10"cm ', the linemidth of the
condensate recombination radiation is perturbed
from the value observed in the pure material' and
the linemidth becomes dependent on the level of
excitation. '

Both optical and electron-beam excitation of the
crystal produce pairs over a narrow region near
the surface. The thickness of this layer depends
on photon or electron energy. For many of the
energies used, the layer is on the order of 1000 A
thick. The electron-hole pairs are driven further
into the crystal by surface electric fields and den-
sity gradients. However, this produces a rather
nonuniform density of pairs in mhich the conden-
sate phenomenon is being observed.

In this paper me report on a series of experi-
ments in which the condensate phenomenon is ex-
plored in a Ge double-injection diode. In the fol-

lowing paper (henceforth referred to as II), we
compare the characteristics of the recombination
radiation spectra for excitation by double injection
and laser illumination.

In the double-injection experiments the electron-
hole pairs are injected electrically to produce an
approximately uniform density of pairs. " Elec-
trically injected electrons and holes have been
observed to condense into a plasmamhichhasprop-
erties similar to those found in the optical-exci-
tation experiments. In previously reported ex-
periments, the device structures mere such that
device heating mas a potential problem. '6 In the
present work, the device structures have been
modified to minimize the influence of heating, To
minimize contamination of the sample by deep
level impurities introduced during high-tempera-
ture processing, me utilize process temperatures
less than 325'C. In particular, me use a Li dif-
fusion to form the n' contact. A discussion of the
influence of Li on the recombination spectrum
from Ge is contained in II.

Section II of this paper describes the fabrication
of the Qe double-injection devices. Section III
presents the experimental procedures used. The
experimental results are given in Sec. IV. Final-
ly, Sec. V contains the conclusions drawn from
these results.

II. DEVICE FABRICATION

The primary goal in fabricating a device for
these experiments is to obtain broad-area elec-
trically injecting contacts which will function at
liquid-He temperatures. In addition the physical
configuration of the device must be such that large
currents can be passed through the device without
excessive heating. The structure and fabrication
process investigated here mere chosen to meet
these goals.

Double-injection diodes mere fabricated from
high-purity Ge slices with net carrier concentra-
tion on the order of 10"cm . The slices mere
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FIG. 1. Typical Ge double-injection diode of the mesa
type used in electron-hole condensate experiments.

100-200 mm in area and 0. 6-6 rnm thick. They
were lapped with 5- p, m size grit and cleaned se-
quentially in trichloroethylene, acetone, and
methanol ultrasonic baths and then dried. One
face of the Ge slices was masked with Scotch plas-
tic tape, and then the slices were chemically
etched in three parts HNQ3 to one part HF for 2
min. The etch was quenched with methanol, plas-
tic tape removed, and the slices were placed in
HF. They were rinsed with methanol and dried
prior to loading them into a vacuum deposition
system. An Al film -0. 5 p, m thick was evapo-
rated on the chemically etched side of the slices.
The opposite side of the slices was painted with
a Li in mineral oil suspension and the slices
placed in a quartz tube furnace having a N~ atmo-
sphere. They were heated at 325 C for 20 min
and then slowly cooled to room temperature

(- 1.5 'C/min). This procedure yields a. Li-dif-
fused n' contact one side and a solid-phase Al p'
contact on the other side of the Ge slices. ' The
diffusion length expected from these process con-
ditions is approximately 0.2-0. 3 mm and the con-
centration at the surface is (1-2)x long cm '. 'g

A black wax mask was used to protect the entire
Li-diffused side of the Ge slices and 2-10 mm Al
contacts on the other side. Some Al contacts
were located at the edge of the Ge slices while
others were located away from the edge. The Al
mesas were defined using a three parts HNO3 to
one part HF etch. The Li-diffused side was
lightly lapped and contacted with In; and Cu wires
were soldered with In to the Al contacts. A sche-
matic sketch of a typical double-injection diode
of the mesa type is shown in Fig. 1. The Ge
double- injection diodes were attached mechani-
cally to a Cu block, rinsed with methanol, and
dried prior to performing experiments.

III. EXPERIMENTAL PROCEDURE

The experimental setup used in this work is
shown schematically in Fig. 2. A Janis variable
temperature Dewar with an operating range of 2-
300 'K was used in these experiments. For tem-
peratures below 4. 2 K, a vacuum-regulated
liquid-He bath was used. Above 4. 2 K, the tern-
perature was controlled using heated He vapor and
an Artronix model 5301 temperature controller.
The double-injection (DI) diode temperature was
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FIG. 2. Schematic diagram of the experimental apparatus used in electron-hole condensate experiments.
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measured using a calibrated Qe or Pt resistor at-
tached to the Ge structure close to the diode.

The electrical and optical properties of the
diode were measured using direct and pulsed cur-
rents. For direct current measurements, a cur-
rent source mas used and the voltage measured by
a digital voltmeter. For pulsed currents mea-
surements, a voltage pulser was used. The cur-
rent was measured using either a current probe
or by measuring the voltage across a known resis-
tance in series with the diode. The diode voltage
was measured with an oscilloscope.

The radiation emitted from the region between
the n' and p' contact of the double-injection diode
was imaged onto the entrance slit of a Spex 1400-
II spectrometer. For direct current injection, the
radiation mas mechanically chopped and detected
with a cooled InSb photodeteetor. For pulsed cur-
rent injection, the recombination radiation was
detected with a cooled InAs detector. The detec-
tor and preamplifier had a (0-63~/p) response time
of 1.7 p, sec. The signal from the detector mas
processed either by a lock-in amplifier or box-car
integrator, which were synchronized with the cur-
rent pulse.

The spatial distribution of the radiation was ob-
tained by mechanically scanning an InAs detector
through the image of the region between the p' and

ioo
Ge
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~ 90 'K, ambient
0 i 4 K, ambient

4.2 K, bath, DC
~ 4.3 K, bath,

pulsed

iO-4--
io-' ioo

)

io' IO

FQRVlARD VOLTAGE {V)

FIG. 3. I'o~ard biased, current-voltage characteris-
tics of 6 mm2 by 2.4-mm-long mesa-type double-injec-
tion diode made on a slice of Ge with -200 mm area.
The dots, circles, and squares are the results for
temperatures of 90', 14, and 4. 2'K, respectively.

n' contact. The active region mas imaged with a
magnification of approximately three onto the
plane of the photodetector. The detector was
equipped with a mask having an aperture of 0. 3 by
1 mm which was positioned near the middle of the
image and mechanically scanned betmeen the n'
and p' contacts.

IV. RESULTS

A. Electrical characteristics

The measured steady-state forward current-
voltage characteristics of a typical diode for tem-
peratures between 4. 2 and 90 'K is shown in Fig.
3. This particular mesa-type device mas 2. 4 mm
long with a mesa area of 6 mm and located near
the edge of the slice. At 90'K, the forward cur-
rent increases rapidly for applied voltages near
0. 5 V. This behavior is in agreement with the
prediction of standard double-injection theory for
diodes operating in the diffusion regime. '

The data at lower temperatures indicate a sim-
ilar current-voltage characteristic with the volt-
age at which the current rises rapidly shifted to
slightly higher values. This shift to higher volt-
ages may be due to increased values of the voltage
drop at the contacts. An additional possible com-
plication in obtaining a qualitative understanding
of the diode characteristics is the presence of
excitons or condensate. The mass-action lam and
the observation of recombination radiation from
excitons (see Sec. IV 8) indicate that excitons are
present in the double-injection device for temper-
atures betmeen about 7 and 77 'K. In principle,
one of the ways in which the excitons can contrib-
ute directly to the steady-state current is through
the necessity of supplying electrons and holes to
replace those excitons which have recombined.
The current contribution due to exciton recombi-
nation may be estimated using the lam of mass
action to determine the exeiton density for a free
carrier density sufficient to carry the observed
current. From this estimate of exciton density
and the observed exciton lifetime of 6 psec (see
Sec. IVD), the current due to exciton recombina-
tion is found to be typically four orders magnitude
smaller than the d.vice current in the present
structures.

At temperatures where the condensate is ob-
served (see Sec. IVB), the condensate may in-
fluence the current-voltage characteristics.
Again one possible way that this may occur is
through the need to supply electrons and holes to
replace those that recombine in the condensate.
This contribution to the curx ent can be estimated
using the estimated fill factors &1% (see Sec.
IV C) and the observed decay time in the conden-
sate of 40 nsec (see Sec. IVD). This estimate
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leads us to conclude that the contribution to the
current due to recombination in the condensate is
typically three orders of magnitude smaller than

the device current. %e are presently investi-
gating a number of other ways in which the exci.-
tons and condensate may influence the current-
voltage characteristics.

8. Recombination radiation spectra

The recombination radiation spectra of a double-
injection diode are shown in Fig. 4. The spec-
trum at 20 'K shows two peaks at the well estab-
lished LA- and TO-phonon-assisted exciton re-
combination lines. The spectrum from the same
device at 4. 2 'K shows distinct peaks at 709 and
VOO meV which have been pl eviously identified

with the recombination radiation from the elec-
tron-hole condensate.

Evidence for the interpretation of the spectrum
at 4. 2 'K in terms of electron-hole condensate is
given by the fitting of the line shape to a simple
model of the recombination process from the con-
densate. This simple model was first suggested
by Pokrovskii ' and consists of assuming that the
electrons and holes oeeupy states with densities
of states which are the same as obtained from the
standard band structure. Further, one assumes
that the band gap is shifted to a lower value, and
that the matrix element for the transition is not
subject to any momentum selection rule and is
energy independent. The results of such a fit are
given in Fig. 5. The dots are the experimental
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citation experiments on high-purity Ge. '" Ex-
periments using laser excitation on Li-doped Ge
(as presented in ll) show a decrease in the radia-
tion intensity of the exciton line similar to the
double-injection case. For Ge doped with other
shallow impurities, the absence of the exciton
line has been noted. '

In measurements of the recombination spectrum,
we observed electron-hole condensate radiation

up to a temperature of 5'K. Above 5 K the spec-
trum changes and two sharp lines develop. The
transition in the spectral shape between 4. 8 and

7. 2 'K is shown in Fig. 6. The sharp line at 714
meV has been identified as the LA exciton line~3

(the exciton spectrum at 20 'K is included in Fig.
6 for comparison). The other line at 712 meV we

attribute to the bound exciton caused by the

presence of Li. Bound-exciton lines have been
observed in Li-doped Si, ' and in Li-doped Ge.

In optical excitation of high-purity Ge, it has
been reported that electron-hole condensate radia—
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FIG. 5. Condensate recombination spectrum of a Ge
double-injection device. The points are the experimental
spectra obtained at 4. 2'K when current pulse with a
duration of 1 msec, and an amplitude of 300 mA were
passed through the device with a duty cycle of 9%. The
solid line is the theory obtained from the free-e)ectron
and hole model with a density of 1.7X10 cm electron-
hole pairs.
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spectrum; the solid line is obtained from the
model with a temperature of 4. 2 'K, a density of
electron-hole pairs of 1.7~10' cm, correspond-
ing to the full width at half-maximum, linewidth,
of 3. 0 meV, and a line position of 709 meV.

In a previously published laser excitation ex-
periment on pure Ge at 4. 2 'K, a high-resolution
recombination radiation spectrum was obtained.
We extract from that spectrum a linewidth of 3.4
meV. From the published phase diagram, this
linewidth corresponds to a density in the conden-
sate of 2. 1x10' cm '. Laser excitation experi-
ments on Ge doped with impurities to concentra-
tion of 2X10' -10' cm ' have shown a narrowing
of the line and reduction in the density similar to
that observed in the spectrum of Fig. 5.

Aside from the narrowing of the line, the spec-
trum observed from the double-injection devices
differs in another way from those obtained in

laser excitation of pure Ge. No exciton line is
observed in the double-injection experiments
while the exciton line is observed in the laser ex-
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FIG. 6. Phonon-assisted recombination radiation
spectra for a Ge double-injection diode at 20 K (800-mA,
11-msec pulse, 22% duty cycle, solid line), 7.2'K (800-
mA, 11-msec pulse, 22% duty cycle, dashed line), and

4. 8 K (330-mA, 1-msec pulse, 9% duty cycle, dotted
line). The vertical scales are not the same for the spec-
tra.
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and absence of a threshold. Since these same
three features are observed in las er excitation of
Li-doped Ge as reported in II, we attribute these
f t o pt th sence of Li within the active
volume of this double-injection structure.
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with direct currents of 0. 2 mA o e i
(dashed line}, an d 100 mA (solid line). The vertical
scales are not the same for the spectra.

In this section, the dependence of the recombi-
nation ra la iond' t from the condensate on current
and temperature is presented. The phonon-as-

from thesisted recombination radiation spectra
condensate are shown ln Fig. 7 fol sevex'Rl device
currents at a temperature of 4. 2 K. The spectra
shown were o ibtained for a device currents of

i e and 1000. 2 mA (dotted line), 1 mA (dashed line) an
mA (solid line). Note that even for the lowest
device cux'x'eIi ) nt o evidence of an exeiton line is

1 tobserve . urd F ther there is no noticeable shi
line at 709in the LA-phonon-assisted condensate line at

meV Rs R unc iont of current, but an increase in
linewidth is observed. The linewidth as a function
of cull eIlt Rt 4. 2 K fol the same device ls shown

8. These data show that linewidth is in-ln Fig.
dependent of current at low current leve s.
value of linewidth of 2. 5 meV corresponds to a

f 1 2&10 cm . At higher currentdensity o
ue of 3.0leve s, e in1, th linewidth increases to a value o

it of 1.7X10meV which corresponds to a density of
cm"'. Similax variations of linewidth with excita-
tion intensity Rs eh b en observed in laser excita-
tion experiments of doped 6 .e. '

I INEVl!DTH OF LA —PHONON ASSISTED
RECOMBINATION FROM CONDENSATE

!
VERSUS CURRENT

tion appears on y1 for excitation values above a
onlthreshold value. e ow1 ' 8 low this threshold value, on y

free-exciton radiation ls observed. In current
we hRve founexCl a ion u't t' sed in the present wor, w

n Rt theno evidence ox' - n Rf free-exciton radiation even a
1 As the injection current islowest current leve s. s

d the electxon-hole condensate signadecrease , e
dlsRppeRx'8 ln 0t the noise without any lndiea

'

dIn Ineasurements presenteR free-exeiton line. n
- urit GeII' of laser excitation of high-purity eln pRpex' 0
d. On Li-. 2 'K a clear threshold is observe .at 4. , a

urit no free-diffused Ge of the same original puri y,
t levels ofexciton line is seen even at the lowes

in the character of
laser excitation.

There are three differences in e
the recombination spectra at temperatures of
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The intensity of the condensate radiation as a
function of current was determined in two differ-
ent ways. In the first procedure, the radiation
was passed through a spectrometer centered at
709 meV with a band pass of 1.4 meV and detected
by an InAs or InSb detector. In the second pro-
cedure, the radiation was passed through a low-
wavelength pass filter (X,~ l. 95 IJm) and detected
without use of the spectrometer. The slight
broadening of the line with increasing current
level implies that a small correction should be ap-
plied to the results obtained using the first pro-
cedure to obtain a relative integrated intensity.
However, this correction is small and will be
neglected.

The radiation intensity for direct current exci-
tation of the device shown schematically in Fig. 1

at a temperature of 4. 2'K is given in Fig. 9. The
procedure involving the spectrometer was used.
These results show that the intensity increases
monotonically with current. Above 500 p, A, the
intensity increases sublinearly with current. The
sublinear increase in the radiation intensity with
device current at higher currents may be due to
device heating' or to impact ionization by ener-
getic free carriers.

For higher current levels, pulsed currents were
applied to minimize heating. The intensity versus
current was measured using both the spectrom-
.eter and low-wavelength pass filter. In both

experiments 100-p, sec current pulses were ap-
plied at 2/& duty cycle. The output of the detector
was processed using a boxcar integrator with a
20- p.sec-wide gate positioned 10 p, sec before the
end of the current pulse. The results from the
two experiments coincide in the current range
where both experiments could be performed.

IO4 IO-' Io

FORWARD CURRENT (Aj

FIG. 9. Recombination radiation intensity of the 709-
meV condensate peak from a Ge double-injection diode
vs direct current. The temperature of the bath was

4. 2 K. The radiation was passed through a spectrometer
centered at 709 meV with a bandwidth of 1.4 meV.

In Fig. 10, we present the results for the in-
tensity versus pulsed current at temperatures of
2. 3, 3. 0, 3. 5, and 4. 0 'K measured using the fil-
ter. These results show that at constant device
current the radiation intensity increases as the
temperature decreases. The intensity continues
to increase with increasing current up to about
250 mA and then begins to decrease. This de-
crease may again be due to device heating or to
impact ionization by energetic free carriers. In-
creasing current is associated with an increase
in the free-carrier density. I'his in turn should
be associated with an increase in the amount of
condensate at constant temperature. Since the
condensate is a lower-energy state than free elec-
trons and holes, one expects more condensate as
the temperature is decreased.
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FIG. 10. Recombination radiation intensity of the
condensate from a Ge double-injection diode vs pulsed
device current. The bath temperatures were 4. O'K (cir-
cles), 3. 5'K (trian. gles), 3. O'K (squares), and 2. 3'K
(dots). The radiation was passed through a low-wave-
length pass filter (A —1.95 pm). The intensity was mea-
sured over a 20-@sec gatewidth positioned 10 ILtsec from
the end of a 100-@sec-wide current pulse at 2% duty cycle.
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FIG. 11. Time trace of (a) current pulse and (b) con-

densate radiation intensity for a Ge double-injection diode
with a pulsed current of 100 mA (120-@sec pulse, 24%
duty cycle) at 3.2 K bath temperature.

An estimate of the condensate fill factor can be
made assuming the radiative efficiency is inde-
pendent of temperature. This assumption is con-
sistent with data presented in Sec. IV E where the
total recombination lifetime of 40 p.sec is found to
be independent of temperature between 2 and
3. 2'K. At the highest intensity shown in Fig. 10,
we estimate that somewhat less than 1% of the
active volume of the device is filled by the elec-
tron hole condensate. This fill-factor estimate
was based on the detector efficiency quoted by the
manufacturer and solid-angle correction for an
isotropic source.

D. Kinetics of electron-hole condensate

200 & I I I
I

I
I

(3e

IOO

o 3.2 'K (CONDENSATE)

published laser excitation transients, pulse widths
short compared with these rise times have been
used. Under these conditions, the slow rise time
as shown in Fig. 11 would not be observed.

The decay is exponential over the range mea-
sured as shown in Fig. 12. The characteristic
time for the decay of the radiation from the elec-
tron-hole condensate is 40 p, sec at 3. 2 K. The
same value of 40 p, sec was also obtained down to
2'K. This value for the decay time agrees rather
well with the values reported in optical excitation
experiments on pure Ge. ' " However, the ob-
servation of an exponential decay characteristic
directly is in disagreement with the decay char-
acteristic observed in optical excitation experi-
ments. ' '" In these experiments at a tempera-
ture of 3. 2 'K evaporation from the droplet is
thought to play an essential role in the decay of a.

drop and to modify the characteristics from a
standard exponential form. ' '" No observation of
droplet decay using la.ser excitation has been re-
ported for Ge doped heavily with an impurity.
Theoretical calculations of the influence of im-
purities on the electron-hole condensate suggest
that impurities will increase the work function as
compared to the work function in pure Ge. " An

increase in the work function would tend to dimin-
ish the importance of evaporation in the decay of
the condensate. For this reason, we would expect
the decay in doped Ge to exponential at higher
temperatures than those found in laser excitation

The kinetics of electron-hole condensate liquid
formation has been studied by measuring the
variation of intensity of the recombination radia-
tion as a function of time at temperatures between
2 and 3. 2'K. In this temperature range, the in-
tensity was measured without a spectrometer
since only condensate radiation was observed. A
typical result obtained at 3. 2 'K is given in Fig.
ll where part (a) gives the current pulse and part
(b) gives the intensity a.s a function time. The
rise in the condensate radiation is considerably
slower than the onset of the current pulse. The
relatively slow rise of the condensate radiation
observed here is in direct contrast with the very
rapid increase in the recombination radiation
from the electron-hole condensate observed by
optical excitation. Note, however, that in the

o 20

I—

z IO
iJJ

I i I i I i I i I i I

0 I 0 20 30 40 50 60 70
TIME (Itt. s)

FIG. 12. Plot of the log&p of the radiation intensity
following the termination of the current pulse. The
closed circles are the intensity of the radiation from the
condensate at a both temperature of 3.2 'K following a
100-mA current pulse. The slope of the line through the
points gives a decay time of 40 psec. The open circles
are the intensity of the radiation from excitons at a bath
temperature of 20'K following a 500-mA current pulse.
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