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ABSTRACT
PART T

Solid-solid reactions between a semiconductor and evaporated metal
films can lead to semiconductor crystal growth. In this work, two
aspects of solid-phase growth have been investigated; 1) growth of
epitaxial Ge layers from a solid solution of Ge in an Al film onto
single crystal Ge substrate (solid-phase epitaxy), and 2) growth of
Ge crystallites in Al films from amorphous Ge films deposited on the
Al film,

In solid-phase epitaxial studies, backscattering measurements
with MeV hHe+ ions showed that a solid-solid reaction occured at
temperatures below the Ge/Al eutectic point., Channeling effect
measurements with MeV uHe+ ions indicated that the Ge layers were
well-ordered and epitaxial, Electron microprobe measurements
indicated the Ge layers contained Al, Hall effect measurements
showed the Ge layers to be heavily p-doped. These Ge layers have
been used to construct p-type contacts on p-n diodes, double injection
diodes and nuclear particle cetectors. |

Ge crystallite growth in Al films oecurs when an amorphous
Ge film is deposited on an Al film and is heated at temperatures
below the Ge/Al eutectic point, Crystallization of Ge occurs by an

initial dissolution of Ge into the Al film followed by diffusion
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and growth of Ge crystallites in the Al films,
The nature of Ge crystallite growth has been studiled by MeV uHe+
ion backscattering techniques, transmission electron diffractometry,

scaming electron microscopy and electron microprobe analyis,
PART IT

We demonstrate for the first time that the condensation of
electrons and holes in Ge can be produced by electrical injection
of carriers. The condensate occurs in double injection diodes at
temperatures of at least up to 5eK.

The recombination radiation from the condensate was analysed
using an infrared spectrometer., The ILA- and TO-phonon assisted
recombination radiation lines from the condensate occur at 709 meV
and 700 meV respectively., The linewidth at half maximum of the
709 meV line is 3 meV., We measure a lifetime for the condensate of
4O ps. The radiation was emitted almost uniformly from the volume
between the contacts of the double injection diode. The radiation
intensity increased with increasing current and decreasing temperature.

IA-phonon assisted exciton and bound exciton recombination
radiation lines at 714 meV and 712 meV respectively were observed
from 7 to l5°K. Above 15°K, only the exciton line was observed.

The recombination radiation lifetime of the exciton at 20°K is 6 us.
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PART X

SOLID-PHASE GROWTH OF Ge STRUCTURES



I. INTRODUCTION

A, General

Solid-solid reactions of various metal films with semiconductor
surfaces have been shown to be very important to the operation, fabri-
cation, performance and failure of modern electronic devices.(l~5)
This has stimulated many independent investigations of the conditions
and kinetics governing solid-solid reactions.<6—9) The results of
these investigations have indicated that these reactions can occur
rapidly at temperatures well below the eutectic point. For example,
in a system exhibiting a simple eutectic behavior, such as
ge/a1, (1010) g3 /a1 (12,13) g5 00 () 119 s1/a0, P 15) the semi-
conductor can dissolve at the interface and migrate into the metal
film at temperatures below the eutectic point. Also in systems where

(16) (18)

compound phases exist, such as PdSi, Ti-Al-Si,(lT) and PtSi

formation of these compounds has been observed at low temperatures.

Crystal growth can occur from any nutrient medium: wvapor, liquid,

(19-22)

gel, or even solids. Given that the appropriate conditions

exist, solid-solid reactions can lead to crystal growth of a semi-
(13,23)

conductor on a single crystal substrate or in the form of

crystallites in a metal film.(2h-26)

B. Epitaxial Growth of Ge Layers

A possible application of solid-solid reactions to crystal

growth is shown schematically in Fig, 1. A metal film, in this case



Figure 1 Model for solid-phase epitaxial growth. a) Ge rapidly
dissolves and diffuses into the Al film until the solubility
limit, 2 atomic percent at MOOOC, is reached. b) When the
sample is cooled slowly to ZBOOb and held there, the solu-
bility of Ge in the AL film drops to 0.2 atomic percent
with the majority of the excess Ge growing onto the surface
of the Ge substrate. The Ge layer incorporates Al while it

is growing.
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Al, is.evaporated on a single crystal substréte, Ge. When the struc-
ture is heated to 400%C (a temperature below the eutectic voint,
uzhcb(27)) Ge rapidly dissolves at the interface and diffuses into

the A1l film until the solubility limit is reached. Caywood(lo) showed
that the solubility of Ge in Al films was comparable to that in bulk
Al and that it was reversible. When the structure is cooled slowly

to 25000, the solubility of the Ge in Al film drops, as indicated

in Fig. 1. The amount of Ge in excess of the solubility can out-diffuse
to the surface, precipitate in the Al film or grow onto the underlying
crystal. In the case shown in Fig. 1 the majority of the excess Ge

(23)

grew epitaxially on the surface of the single crystal Ge substrate.

C. Ge Crystallite Growth

Although the Ge/Al system discussed above demonstrated solid-phase
epitaxy, there are limitations on the thickness of Ge layer that could
be grown due to the amount of Ge dissolved in the Al film. This
difficulty can be overcome if an additional source of Ge is provided.
One method would be to evaporate an amorphous Ge layer on top of the

(26)

Al film, The higher free energy of the amorphous state over the

crystal state could provide a driving force for dissolution, transport

and growth.(28)

Our results show that dissolution of the amorphous Ge layer, trans-
port and crystal growth could take at constant temperature. However,

rather than crystal growth onto the Ge single crystal substrate,



crystalline growth in the Al film took place. The details of this
process and the data supporting these conclusions are presented in

Section III.

D. Device Applications

Epitaxially grown semiconductor layers on crystal substrates
have many techonologically important uses. Two of these uses are in
the fabrication of Si intregated circuits(l) and GaAs laser diodes.(29>
The conventional methods for growing epitaxial layers have been by

liquid-phase epitaxy and vapour-phase epitaxy. These methods typically

require temperatures of 800°C to lZOch.<30’3l)

Solid-phase epitaxial growth can occur at considerably lower tem-

peratures and could potentially become very useful. Such growth has

(23)

been demonstrated by our work in Ge and by Sankur et al(l3) in

Si. The grown layer may be p-type or n-type depending in the metal
film,

It has been demonstrated that for the Ge/Al system a heavily doped

(23)

p-type epitaxial layer can result. This layer has been used to

(32,33) (34)

form a hole-injecting contact for diodes, and

(32)

transistors,
double injection diodes. The double injection diodes have been
used down to liquid He temperatures in the study of electron-hole
condensation in Ge discussed in Part II of this thesis. These layers
have also been uSed as blocking contacts on nuclear particle detec-

(35)

tors.



Our studies reported in Section IV, were primarily aimed at show-
ing that blocking and injecting contacts could be made by solid-phase
growth in the Ge/Al system., To demonstrate blocking contacts, high
resolution gamma detectors were fabricated in high purity Ge. To

demonstrate injection, double injection diodes were built and evaluated.



II. SOLID PHASE EPITAXTAL GROWTH OF Ge LAYERS

In this section we describe our study of the dissolution and re-
growth of Ge in Al films deposited on single crystal Ge substrates.
The basic concepts are that the amount of Ge dissolved in the Al can
follow a temperature cycle (i.e., is reversible) and that the excess
Ge in the Al film can nucleate and grow at the Ge/Al interface.
Electrical properties of the regrown layer should be determined by

incorporation of the Al in the layer during growth.

A. Specimen Preparation and Analysis

Semples were prepared from 22 Slcm, n-type Ge wafers with surfaces
perpendicular to the (111) axis. One side of the wafers was lapped,
polished with Mirrolux* and cleaned with organic solvents. The wafers
were etched in 3HF:5HN03:3CHéCOOH for 15 s, quenched with deionized
water, immersed in HF, washed with deionized water, dried with air

and loaded into the evaporator. The system was then evacuated, and

b
-

argon was leaked in to maintain a pressure at about 2 x 10 = Torr
against the diffusion pump. A plasma was then excited with a Tesla
coil for ~ 20 s, the argon flow was cut off, and an Al film was
evaporated on the polished surface of the wafers, Next, samples were

\

heated in a tube furnace at 390 to 400 °C for 30 min, slow cooled

¥
Registered trademark of Materials Development Corporation, Los

Angeles, California.



(~ 3°C/min) to 250°C and held there for 60 min. The furnace was
opened, allowing the samples to cool quickly to room temperature
(~ l5°C/min).

Hall patterns were electrically isolated from the substrate by

mesa etching in 3HF:3HNO, :5CH COOH for 30 s. Black wax was used

3 3
to protect the four contact pads and the Al film was then removed
with an Al etchant.* X-ray flourescence with an electron microprobe
was used to interpret contrast in the scanning electron micrographs.
Scanning electron micrographs showed that the Al film had been etched
away completely. After removal of the Al film, the layers grown on
the wafers were electrically evaluated using the van der Pauw method
for measuring sheet resistivity and Hall voltage. Similar techniques
have been used for evaluating ion implanted layers.(36)
The channeling spectra were measured using 0.4 and 2.0 MeV uHe+ ion
beams. The specimens were mounted on a two-axis goniometer. Back-
scattered particles were detected by a surface barrier detector set
at an angle of l6lt° to the direction of the incident beam. The energy
resolution of the syétem was equivalent to a depth resolution of
~ 200 X. At 2 MeV, the depth which could be probed to determine lattice
structure was ~ 8000 X. The amount of Al in the grown layer was -
measured with an electron microprobe at 10 kV. With this accelerating

o}
potential, the probe has a sampling depth of ~ 3000 A and a sensitivity

*
Transene Corp., Browley, Massachusetts.
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to Al dissolved in Ge of better than 0.7 atomic percent.

B. Results

Hall voltage polarities and hot point probe measurements on the
grown Ge layer indicated hole conductivity. Typical samples on which
10 pm of Al had originally been deposited conducted ~ 20 mA from
contact to contact (6 mm) with 0.5 V applied, independent of temperature
from 170 to 3CK)°K; The ratio of this sheet current in the grown
layer to the leakage current into the substrate was high enough to dis-
tinguish between contributions from the grown layer and from the sub-
strate. For example, these same samples typically showed contact to
substrate leakage current of 0.5 mA at 300°K and less than 1 pA at

(36)

170°K under 0.5V reverse bias., Previous msasurements of ion-

implanted layers indicated that electrical properties of doped layers
could be accurately evaluated if the leakage current was less than 5%
of the sheet current. Our samples met this criterion.

The sheet resistiviﬁy,f’s, and Hall mobility, were meastred on

U‘HJ
layers produced with deposited Al films of various thicknesses. All

samples were processed in the same way. Measurements at 285 and l70°K

: 2
yielded f = 25.58%/n, by = 15 em”/vs and P = 22.2 L /g, by = 17
cmz/Vs, respectively, for a grown layer sample which had 11 ym of

deposited Al., This measured Hall mobility is in good agreement with

(37)

reported measurements on heavily doped Ge crystals, Assuming that

(38)

Hall mobility is the same as drift mobility, the number of acceptors
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per unit area is 1.6 x 10 L /cmz. For this same sample, the Al con-

centration in the grown Ge layer, measured by X-ray fluorescence gave
a value of 0.5 atomic percent. This is equivalent to ~ lO16 Al
atoms/cm2 over 3000 A.

Hall measurements of a Ge layer grown on a sample which had
originally 9 pm of deposited Al, but heated for 160 min at MOOob gave
a value of N, = 1.2 x 1016/cm2. This is essentially the same as that
obtained after the standard 30 min treatment. However, a grown layer
prepared from a thinner (6.6um) Al film yielded a significantly smaller
value, NS = 2.0 X 1015/cm2. Channeling effect msasurements were made
on a grown Ge layer prepared from an 11 pm thick Al film, Rotational
scans around the (111) axis of the substrate indicated that the grown
layer has the same axis of orientation and the same three-fold planar
symmetry as the crystal substrate. Figure 2 shows random and (111)
aligned spectra of backscattered 0.4 Mev uHe particles. The ratio of
aligned to random yields just behind the surface peak (in the vicinity
of 300 keV), called the minimum yield, is ~ 5% indicating that the
regrown layer is well ordered. In measurements at 0.4 and 2.0 MeV
no discontinuities were noted in the aligned yield, indicating the
absence of gross lattice disorder at the interface between grown layer
and substrate.

Backscattering measurements with 2° MeV uHe+ ions were made to

show that alloying (ligquid phase formation) does not occur for heat

treatments below the eutectic temperature., For this purpose, thinner
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Figure 2 Random (circles) and (111) aligned (dots) spectra of back-
scattered 0.4 MeV uHe+ ions from sample with a Ge layer
prepared from an 11 pum Al film., The Al film had been re-
moved after heat treatment. Note that the vertical scale

for the aligned spectrum is magnified three times,
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Al layers (~ 2000 Z) were used so that the backscattering yield from
both the Al and Ge could be detected. The spectrum shown in Fig. 3a
is for a sample heated to 395°b (i.e. below the Al/Ge eutectic at
MZMOC) and quenched., The signal from Al (shaded area) has a well
defined line shape indicating that the layer is uniform. The signal
from the Ge substrate is shifted to lower energy due to the presence
of the overlaying Al layer. Backscattering events from Ge atoms in
the AL layer give rise to a "foot" in the spectrum extending out to
the Ge edge. (The Ge edge corresponds to the energy of particles
scattered from Ge atoms located at the sample's surface). The shape
of the "foot" indicates that the Ge is uniformly distributed within
the Al layer, as had been found in the previous investigation of the
solubility of Ge in Al films.(lo)

The properties of a Ge/Al structure heated above the eutectic
temperature where alloying is expected to occur are markedly different;
there is even a change in the visual appearance of the surface. Figure
3b is the backscattering spectrum for a sample heated at 430°C; the
Al signal (shaded portion) is not well defined ;nd the signal from the
Ge substrate is shifted to the Ge edge. The dashed line represents a
portion of the spectrum of a virgin Ge sample; thé crosshatched portion
indicates that a Ge sample heated above the eutectic contains a substan-
tial concentration of Al dissolved in the Ge. The forward shift in the
Ge signal to the position of the Ge edge and the decrease in the Al

signal are characteristic of an alloyed sample. Similar features were



Figure

3

15

Energy spectra of 2 MeV uHe+ ions backscattered from Ge
samples with ~ 2000 K Al films following anneal at a) 395Cb
and b) 430%. The arrows indicating the positions of the
Al and Ge edge correspond to energies of particles scattered

from Al and Ge at the sample surface.
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found in an investigation of the alloying behavior of Au layers on

GaAs.(5)

C. Discussion and Conclusion

Comparison of the spectra in Fig. 3a and b confirms that alloying
processes are not responsible for the p-type behavior observed in the
Ge/Al structures. When the samples are heated to 4007, Ge dissolves
and diffuses into the Al (Fig. 3a) until the solubility limit at L00°C

(~ 2 atomic percent) is reached.(lo’ZY)

When the sample is cooled
slowly, the concentration of the Ge in the Al film drops to the equi-
librium concentration at ZSOob (0.2 atomic percent) with the majority
of the excess Ge growing on the surface of the Ge substrate. For an
11 pm Al film, one calculates from the Ge solubility in Al that the
thickness of a uniform grown layer would be 2700 2. Thermodynamic
considerations indicate that the regrown Ge layer should incorporate
Al to the solubility limit at the growth temperature, approximately
0.6 atomic percent. One therefore estimates the number of Al atoms to
be approximately 1 x lO16 /cm2 for a sample with a 11 um Al layer,
in good agreement with electrical masurements (NS =1.6 x lO16 /cmZ) and
electron microprobe measurements.

During heat treatment at L0O ®C diffusion of Al into the Ge crystal

(ko)

is expected to proceed very slowly. The reported diffusion
. . . -15 2 o . -12 2
coefficient of AL in Ge is 1 x 10 “cm /s at 670 C and 2 x 10~ “cm /s

at 900°C. The extrapolated diffusion coefficient at MOOﬂZ is less than
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lO_21 cmz/s. This latter value implies that in 30 min less than 10

12
Al atoms/cm2 diffuse into the Ge substrate at MOOOC; a value which is
three to four orders of magnitude less than the hole concentration
observed in our Hall measurements. Further, the number of holes in the
layer does not depend on process at MOO‘b, contrary to the behavior
expected from diffusion theory. Consequently, diffusion of Al into the
Ge substrate probably is not a dominant contribution to the measured
value of Ns'

The epitaxial growth predicts that Ns should vary with the thickness
of the Al layer, but not with time at fixed process temperature (as
long as the times are long enough to allow the Ge to reach solubility
limits in the solvent, Al). Experimental results agree with this
model as the measured values of NS increase with increasing Al film
thickness and are independent of time at L400°C.

Channeling results indicate that growth from the Al films is
epitaxial with the Ge substrate. The minimum yield values, 5%, are
only slightly higher than the 4% value for the (111) axis in single
crystals.(ul)

In summary we have shown that solid Al films can serve as a solid
solvent from which dissolved Ge may grow epitaxially on a Ge substrate.
The resultant Ge layer is heavily p-doped and has a Hall mobility for

holes in agreement with that reported for heavily doped bulk Ge

crystals.
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III. GRONTH OF Ge CRYSTALLITES IN Al FILMS

In this section we consider an alternative approach to the one
used in Section II., Here, an amorphous Ge film and an Al film are se-
quentially deposited on a single crystal substrate. During-heat
treatment, dissolution of the amorphous Ge should provide a source
for growth of a single crystal Ge layer onto the underlying single
crystal substrate, This method offers the advantage of growing Ge
layers whose thickness depends on the amount of Ge evaporated.

In this work, we were primarily interested in the dissolution and
transport of the amorphous Ge and not in epitaxial growth on the sub-
strate, All heat treatments were carried out at temperatures below

the Ge/Al eutectic (k2L ).

A, Specimen Preparation and Analysis

Specimens for this investigation were prepared by vacuum deposition
of Al and Ge onto substrates of Ge, Si and in a few cases vitreous
carbon., One side of the Ge wafer was polished, and the following
procedure was used to clean the surface before evaporation. The wafers
were etched in 3HN03:1HF for ~ 30 s and afterwards quenched in deionized
water, Then the samples were immersed in dilute solution of HF and
removed Jjust before loading into the evaporation chamber, The geometry

of the system is such that the samples, held at room temperature, are

mounted ~ 20 cm above the source., A quartz-oscillator thickness monitor
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is located at roughly the same height. For all elements used, the

rate of deposition were 10 to %0 A/s as monitored by the quartz oscilm
lator, These evaporation conditions have been shown to produce amorphous
layers of Ge.(uz’h3) This was confirmed for our films by transmission
electron diffraction, Immediately after unloading the evaporation
system, the samples were heat treated in a quartz tube furnace with

dry N2 atmosphere, After heat treatment, samples were quenched by
pulling them out of the furnace,

Two sequences of evaporation were used: either substrate/metal/
semiconductor or substrate/semiconductor/metal., The range of thick-
nesses were between 3000 and 5000 K for Al and 50 to 2000 K for Ge.
The actual thicknesses of the films were measured by backscattering

L

of MeV 'He' ions.(uh) This technique gives thickness values in atoms/
cmz. For convenience, we assume bulk density and give thicknesses
in angstroms, The samples were studied by four different techniques:
MeV uHe+ ion backscattering, scanning electron microscopy and electron
microprobe analysis.

Backscattering measurements give the distribution of elements as

(HM) To obtain the lateral

a function of depth within the sample,
distribution, scanning electron microscopy and electron microprobe
analysis were used. To obtain cross-sectional views of the structures,
samples were cleaved in liquid nitrogen to avoid smearing of the

metal, For scamning electron microscopy, etching and cleaning of the

samples were required in some cases. The Al was etched by dilute
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NaOH. For electron microprobe studies of the lateral distribution

of the semiconductor in the metal film, it is necessary to avoid inter-
ference from the underlying substrate. For the films studied in this
work, some contribution from the Ge substrate was found even at the
lowest electron energy used (4 keV). The substrate interference could

be eliminated by using C or Si substrates for the Ge/Al films.

B. Results and Discussion

During heat treatment at 100 to 300°C, Ge moves into the Al film,
This is evident from the backscattering spectra shown in Fig. 4, for
two samples annealed at 300°C. The component due to Ge atoms in the
qomposite film appears in the energy region of 1.k to 1.6 MeV, the
region between the shoulder of the Ge thick target yileld and the
energy position corresponding to Ge atoms at the surface (indicated by
the arrow). The two samples had different thicknesses of evaporated
Ge, 130 K and 220 K respectively, as measured on Ge films deposited
simultaneously on Si samples. This difference in the quantity of
evaporated Ge is reflected in the heights of the plateaus due to
the Ge in the composite film. Within the accuracy of the backscattering
measurements all the evaporated Ge moves into the Al film, In Fig. L,
the edges of the Al signal are sharp, indicating that the composite
structure is uniformly thick over the ~ 2 mm2 area probed by the ana-

in
lyzing He' beam.
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Figure 4 2 MeV LLHeJr spectra from Ge/Al structures annealed at 300%C.
The squares indicate portion of the samples covered by

Al but not with Ge.
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were masked so that a portion of the sample had only an evaporated
layer of Al., In this portion of the sample, Ge from the single crystal
substrate is dissolved into the Al film as indicated by the lowest

data points (squares). In this case, however, the amount of Ge in

the Al is determined by the solid solubility and is ~ .5 atomic percent
at 300%, (10539)

The motion of Ge into the Al film can be seen more clearly when
Si substrateé are used, Figure 5a shows the backscattering spectrum
for a 100 X Ge layer covered with a L4000 f\ Al film, After the sample
was heated at 100 for 140 min , some of the underlying Ge has moved
into the Al film (Fig. 5b). After 350 min, the Ge is distributed
in depth throughout the composite film structure (Fig. 5c).

Figure 5 shows that the Ge distribution changes with successive
heat treatments, These results as well as those obtained by scanning
electron microscopy, as indicated below, clearly show that the Ge/Al
intermixing predominantly occurs during heat treatment and not during
cooling,

The amount of Ge contained in the composite films after anneal,
as measured by backscattering, was orders of ma.gnit.ude above the solid
solubility of Ge in AL, The results of scanning electron micrographs
of the surface show that at the surface there are localized regions
of Ge in a surrounding ALl matrix. Further information was obtained
from electron microprobe analysis which showed that the Ge was in the

o
form of precipitates with lateral sizes of 2000 to 40,000 A,
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Figure 5 Spectrum for a 1£X2K.Ge layer covered by a 4000 3 a1 layer
on a Si substrate, The arrows show the energy positions
for Al and Ge at the surface. The backscattering component
from the Si substrate is not visible because components

below 1.0 MeV are suppressed.,
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Scanning electron microscopy techniques were also used to examine
the Ge precipitates on cleaved and on etched samples, Figure 6 shows
micrographs of a sample with 1840 K of Ge and 3600 X of Al after
heating at 300% for 60 min., The upper micrograph (Fig. 6a) of a
cleaved surface shows Ge precipitates (appearing as white islands)
imbedded in a matrix of Al., The top surface of the composite film
is relatively flat, This same sample was etched to remove the AL,
The Ge precipitates (Fig., 6b) are smooth topped with some indication
of undercutting near the Si substrate. This undercutting can be seen
more clearly in Fig, 6c which is a micrograph taken at a greater angle
of incidence to the surface, Portions of the film were stripped off
the substrate after heat treatment and were studied in a transmission
microscope. Electron diffraction patterns clearly showed that the

(2k)

precipitates were crystalline in nature.

C. Conclusions

We have studied the behavior of amorphous Ge in contact with metal
layers., The Ge/Al case was chosen as representative of a simple
eutectic system. A wide range of experimental techniques were used:
scanning electron microscopy, MeV uHe+ ion backscattering, electron
microprobe and transmission electron diffraction. Taken together,
experimental data utilizing these techniques lead to a consistent
description.

Of the many reaction paths one can imagine to carry the amorphous
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Figure 6 Scanning electron micrographs at 10 keV electron energy
of a Si substrate covered by 1840 X Ge and 3600 X. Al and
amnealed at 30060 for 1 hour., (a) shows a cleaved sur-
face taken with the electron beam incident at 80° off
the surface normal. (b) and (c) shows the sample after
removing the Al., In these cases the electron beam was

incident at 65° and 85°respective1y.
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semiconductor into its lowest energy, e.g. crystalline state, we find
a particularly simple path to be operative in the systems we have
investigated. This path consists of dissolution of the amorphous

Ge into the adjacent solid metal film and growth of crystallites from
solution out of the metal,

Energetically, the driving force for this isothermal dissolution
and crystallite growth is provided by the higher free energy of the
amorphous material as comparéd to the crystalline material, Kineti-
cally, the metal layer provides the necessary solvent medium for the
easy reaction path Jjust described.

Subsequent investigations by Canali et al(h5) indicated that the
interface between the AL film and the single crystal Ge substrate
was crucial for epitaxial growth, The interface had to be free of
any oxide layer or other contaminants to provide a clean surface for
nucleation. Under these conditions, they were able to demonstrate
solid-phase epitaxial growth on Ge substrates from an amorphous Ge

layer deposited on an AL film,
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IV, DEVICE APPLICATIONS OF SOLID-PHASE EPITAXTAL GROWTH OF Ge IAYERS

A, Germanium Nuclear Particle Detectors

In Section II it was shown that p-type layers of Ge could be grown
epitaxially on single crystal Ge substrates, The objective of this
study was to determine if high-quality, large area, blocking contacts
could be formed, The performance of reversed-biased nuclear detectors
has been shown to depend critically on the blocking nature of the
contacts, Consequently, high-purity Ge f—ray detectors were fabricated
using regrowth techniques to test the blocking quality of the

(35)

contact . The facilities of Chalk River Nuclear ILaboratories were

used in this cooperative program,

1. Detector Fabeication

After the sample had been cut to shape, it was etched for one min
in a 3HNO3:1HF solution, Lithium was evaporated onto one face and
diffused for five min at 3OOOC. The opposite face was lapped with
5 um alumina slurry and given a final "Mirrolux" polish, The sample
was then degreased and lightly etched again (30 § to 60 s in
3HN03:1HF), rinsed throughly with water, and immersed in HF, Immedi-
ately before placing the sample in the evaporator, it was rinsed
again with water and blown dry with a nitrogen gas jet. A layer of

o
aluminum 1000 to L0OO A thick was evaporated onto the cleaned face,

with a bell jar pressure of «~ lO-6 Torr. A bias of +1000 V was placed
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on the tungsten filament with respect to the sample during evaporation,
After evaporation the sample was placed in an oven with argon flow
through it, heated to 300°C for twenty min, then cooled slowly

(~ 2 to 3°C/min). The lithium contact was lightly lapped, then both
contacts are masked, and the detector was given a final etch (two min
in 3HNO3:1HF). Electronic grade chemicals and double distilled water

were used at all stages.

2. Results

On the basis of previous experience with Ge lithium-drift and
high purity Ge detectors evaluated on normal electronic systems,
leakage currents less than 1 nA are required for good energy
resolution.(u6) Detectors on p-type high purity material have been
made using Al/Ge regrowth technique which meet this criterion at
liquid nitrogen temperatures at voltages two or more times the voltage
required to deplete the detector. Sometimes, particularly when the
humidity was high, the lowest leakage current was obtained when the
detector was warmed to ~ lOO°C for about 30 min before being mounted
in the cryostat.

The largest detector we fabricated (5.3 cm? x 0.74 cm thick) is
a simple cylindrical planar structure with 1 nA leakage current at
600 V (depletion ¥oltage of ~ 30 V), A lateral scan
with a slit -collimated 13708 Xlray beam was made (Fig, 7)., Comparison

of the active thickness at 10, 20, 30, and 400 V indicates that nearly



Figure 7 Integrated counts -in the full-energy peak versus position
for a side scan of cylindrical Ge detector GIR 156 Pl
using a slit collimated 30 (E‘,= 662 keV) source.

The curves are for four different voltages and the

detector was almost fully depleted at ~ 30 V,
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full depletion was obtained at 30 V., Surface scans of the AL p contact
with a spot-collimated 21y 59.5 keV ¥-ray source (Fig. 8) showed
that almost all the surface was active at applied voltages greater

than the depletion voltage; some detectors tended to deplete first

in the central regions.

Figures 9 and 10 show x-ray spectra on an 8 mm thick detector of
active area 2.7 cn’. Full depletion (7.4mm) was obtained at 320 V,
The leakage current was less than 1 nmA at 600 V., The energy reso-
lution for 21Co at 122 keV was 0.97 keV (Fig. 9) and for 6000 was
~ 2 keV (Fig, 10)., The applied voltage was the same for both spectra
(350 V); the difference in pulser width is due to changes in electron~.

ics, These results are comparable to those obtalned with other
Ge detectors operated in the same electronic sysfem.

There was no evidence that the temperature cycle during processing
degraded the material properties., Spectra from slices of germanium
reprocessed three or more times did not have features associated with
trapping effects such as pulse height shifts or tails below the X—ray
peaks,

Estimates of the window thickness were made by comparing the pulse
height response to 5.486 MeV a-particles to the energy calibration
curve obtained by using x;rays from an 21H'Am source. The measured
peak shift of 38 keV corresponds to an aluminum window thickness of

" 0,25 pm of germanium, In this work no attempt was made to minimize

window thickness as the objective was to evaluate gamma response,
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Figure 8 Similar curves to those of Fig. 7 but using a spot
collimated 2M'.Am (Ex= 59.6 keV) source to scan across
the circulér Al contact face of the detector.

The lower count rate at the center is due to attenuation

from the contact lead and mylar strap used to hold the

detector.
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Figure 9 Spectrum of x-ra.ys from a combined 241Am and 2 700 sources

for Ge detector G110l P3,
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Figure 10 Part of the X;ray spectrum from a 6000 source taken with

Ge detector G110l P3,



d38WNN T3INNVHD
000v 0S.¢ 006¢ 0see 000¢ Om*w 00s¢

ﬁ___-a____~ﬂ____ﬁdﬁ________qu.-_4~____

L1

r .IuO.~ m
(=

L 1 Z
- ] -
L 1 (0))
F E o
E —Soor O
- i (@)
L N o
i Aoy i >
L ' g—— J =
- AN 6| —— ] =
P —J0001 ™M
A geg | r

A% il 304N0S 0059 A OGS
AN '] —4— i
¢d 10119

1

43 S87Nnd

_____.-_~_._.—.~____.________.—_____.-_______-»__—__h.__-_».___

T4 % 0
Lt g |

10

Figure



L2

As shown in Fig. 11, the resolution for the 5.5 MeV a-particles was
30 keV fwhm, In other studies (32’h7) window thicknesses less than

0.1 pm and better a-particle resolution (~ 13 keV) have been achieved.

3. Conclusion

The objective of this study was to determine if regrowth techniques
could be used to make large area, high quality, blocking contacts
capable of withstanding high electric fields., The fabrication proce-
dure should not degrade the charge collection properties of high purity
Ge., We believe that our results indicate that regrowth techniques

can be used,

B. Ge Double Injection Diodes

In this part of Section IV we study the hole injecting properties
of the p-type Ge layers. It has been shown in Part A of this Section
that the Ge layers form high quality, large area, blocking contacts
on high-purity Ge xtray detectors, The hole injecting properties
of these layers into high-purity Ge is investigated by fabricating
and evaluating Ge double injection diodes in the temperature range
from 77 °K to 300 °X, A test of the hole injecting nature of the Ge
layer was obtailned by comparing the experimental results with the

predictions of double injection theory.
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Figure 11 Spectrum of Q-particles from a 2M'Am source incident on
the Al contact of detector G110l P3 operating at 600 V.
Using the xlrays from an 2hlAm source for calibration,
the pulse peak defect of 38 keV for the a-particles in-

dicated a window thickness equivalent to 0.25 um of Ge.
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1, Double Injectlon Considerations
Double injection theory for semiconductors predicts a number

(48)

of current~voltage regimes. Some of these are the ohmic, semi-
conductor and diffusion regimes, The ohmic regime is observed at low
applied voltage where no appreciable injection occurs, The diffusion
regime is hard to characterize quantitatively due to the difficulty in
measuring some of the necessary parameters. However, for the semi-
conductor regime, all the necessary parameters are either available
or can be easily measured. Therefore, it is convinient to use the
semiconductor regime to demonstrate the hole injecting nature of the
grown Ge layers,

The steady-state current-voltage characteristics of a double in-

jection diode made from a n-type semiconductor is

I

9A e by By Nd 'C'Vz/ 8 13 v - 1

where I is the current, V the voltage across the lightly doped region,
A the cross-sectional area, L the distance between the voltage probes
across the lightly doped region, e the electron charge, by the
electron mobility, pp the hole mdbility,'Tﬁthe common high level in-
jection lifetime and Nd the net donor concentration in the lightly
doped region. The current, voltage, area and length can be directly
measured. The net donor concentration can be calculated from the
ohmic conductivity and the published values of the carrier mc-

(%9,50)

bilities. The common high level injection lifetime can we

(+8)

measured from the small signal current transients. The small
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signal current transient is obtained by applying a small voltage pulse
on top of a DC bilas to the double injectlon diode. In the semi-
conductor regime, after a short ohmic relaxation time, the small
signal current changes exponentially with time, The time constant

is the common high level injection lifetime,

2. Experimental Results

Ge double injection diodes were made using techniques similar
to the fabrication of Ge4x-ray detectors discussed in Part A of this
Section. Double injection diodes were made from a lightly-doped
Ge bar with a hole and electron injecting contacts on opposite ends.
Ge crystals with net concentrations in the range of lOlO to lOlg/cm3
were used., The double injection diodes were operated from 77 to
300K,

The measured current-voltage characteristics of a 0,166 cu” by
2.42 cm long Ge double injection diode made with n-type Ge is shown
in Fig, 12, The voltage probe spacing is 2,22 cm, The current-voltage
characteristics were measured at 215 °K (circles), 150 “K (triangles)
and 110 K (dots)., The insert shows a typical small signal current
transient obtained with the double injection diode bilased into the
semiconductor regime, Similar small signal current transients were
used to measure T at various temperatures, The results are tabulated
in Table 1l along with the probe voltages at a current of 10 mA and

the published electron and hole mobilities in high purity Ge(h9,50)°
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Figure 12 Current-voltage charecteristics for a high purity, Nd - Na

- 2.0 x 10T /cm3, Ge double injection diode measured at
215 °K, 150 °K and 110 9K. The insert shows a small signal

current transient at 170 °K with the diode biased at 10 mA.



CURRENT (A)

k9

IOO T T T T T T T 7 T
- JIO°K A
IC)Ml }-—E T T T T T T T | 3§ I5O OK n
st 70 °K 1 215 °K |
88 i 1 1 1 | P | 1 1 l. 1 I
02 ~ TIME (200us/div) _
1077} 7
i S l
Io-—4 - ® A O -
® o (o] =

7,
- LaV ;/jvg/ A=0.166 cm2 e
0-51 P L=222cm i
A Np=2.0x10"em™3
7 9’ D ¢ =
////// '
// //

& /A/’p -

IO—G L 1 | 1 ' 1 0 ! | 1 1 | 1 1

1072 Ton 109 10! 102 103

VOLTAGE (V)

Figure 12



50

A net donor concentration of 2.0 x lOll /em” was calculated for
this device using the measured ohmic conductivity and the electron
mobility, This value is in good agreement with Hall effect measure-

ments at 77°K(5l).

The calculated current-voltage characteristics
(shown as a solid lines in Fig, 12) were calculated using equation
IV - 1 and values shown in Table 1, Table 1 shows the measured probe
voltage at a current of 10 mA and the ratio of the calculated to
measured currents at these voltages., One can see from Table 1 and

Fig. 12 that the experimental data agrees well with the calculated

values,

3. Conclusions
Ge/Al solid-phase p-type layers form good hole injecting contacts
in the temperature range from T7 to 300 OK. Double injection theory

agrees well with experimental current-voltage characteristics.
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PART II

CONDENSATION OF INJECTED ELECTRONS AND HOLES IN GERMANIUM



I: INTRODUCTION

Photon or electron beams impinging on Ge surfaces have been used
to excite electrons and holes in Ge(l). A fraction of these electrons
and holes bind into excitons. This fraction increases as the tem-
perature is lowered. One way these excitons can recombine is to emit
a phonon and a photon, IA- and TO- phonon assisted exciton recom-
bination radiation at 714 meV and at 706 meV respectively has been
observed over a wide range of temperatures.

At high excitation levels a new, broad, lower energy peak is
observed in the recombination radiation spectrum of Ge at liquid He
temperatures(z). These new peaks in the spectrum have been identified
as being due to IA- and TO- phonon assisted recombination radiation
from a higher density phase (condensate) of electrons and holes.(g_6>
The IA- and TO- phonon assisted condensate recombination lines occur
at 709 meV and at 700 meV respectively.

Other techniques which have been used to study the condensation
of electrons and holes include Rayleigh scattering of optical beamsSB’T)
noise spikes in the reverse current of p-n junction(8),

)
(9) and monitoring the plasma radiation(lo). Rayleigh light

cyclotron
resonance
scattering experiments indicate that the condensation of electrons

and holes occurs in the form of droplets when produced by photon beam
excitation. They also suggest that the droplets are of micron sizes.

A density of 2 x lOllT/cm3 electron-hole palrs in the condensate has
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been measured independantly from line fits to the recombination

(3) (10)

radiation spectrum and from the plasma frequency measurements.,

Experiments which measure noise spikes in the reverse current of
é p-n junction suggests that a droplet contains 106 to 108 electron-
hole pairs.(8) The recombination radiation lifetime was measured to
be 40 ps in the purest Ge crystals and as low as 8 ps in other crys-
tals, (355, 9)

The binding energy of the condensate with respect to the excitons
has been measured in two ways. One method was to measure the threshold
photon beam power for condensate formation as a function of temper-

(

ature 8,9) (coexistence curve method). The other method was to

measure the separation in energy between the exciton and condensate

(3)

recombination radiation peaks (spectroscopic method), The reported
values of the binding energy are 1,5 meV(8’9) and 2.6 mev(3) respec-
tively. A critical temperature of 6.5 °K and a critical density of
8 x 1016/cm3 for the condensate have been measured.(ll) The pro-
perties of the condensed phase in Ge are summerized in Table 1,

The condensation of electrons and holes in Ge has heen interpreted
in terms of a first order transition between an exciton gas and a

metallic electron-hole Fermi Iliguid,(12-17)

Theoretical models have
been proposed and calculations made to explain and predict the physical
properties of the condensate, The calculations indicate that the
metallic electron-hole condensate is more strongly bound than either

excitons or excitonic molecules at low temperature. They predict a

critical temperature of between 5.6 to 8 ®K and a critical density
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TABLE T

PROPERTIES OF THE CONDENSATE IN Ge

Pair Density

a) Spectrosconic 2 x 1007/ cnd
b) Plasma frequency 2 x 1017/ e

Binding Energy Per Pair

a) Spectroscopic 2.6 meV

b) Coexistance Curve 1.5 meV
Critical Temperature ~ 8%
Lifetime

a) Condensate 40 ps

b) Exciton ~ 1 us

Radiative Efficiency

a) Condensate ~ 50 %
b) Exciton ~ 19
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of between 7 x 1016 to 9.3 x 1016/cm3 for the condensate, The

binding energy of the condensate with respect to the excitons is
calculated to be betwesn l.4 meV and 2.0 meV, A density of
2 x 1017/cm3 is predicted for the condensate in Ge at L.2 %K.

Part II of +this thesis deals with the condensation of electrons
and holes in Ge produced by electrical injection of electrons and

(18,19)

holes into bulk Ge crystals. The structure used was double
injection diode made from high purity Ge crystals.

In this work the properties of the condensate produced by the
electrical injection of carriers are investigated. Included are
studies of direct and pulsed current excitation, recombination
radiation spectra at various temperatures, current and temperature
dependance of the condensate's recombination radiation intensitx
decay kinetics of the recombination radiation from excitons and
condensate, and spatial distribution of the recombination radiation
intensity in the Ge double injection diodes. The current-voltage

characteristics of the double injection diodes were measured at

various temperatures.
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IT. EXPERIMENTAL

A, Device Fabrication

Double injection diodes for the electron-hole condensate study
were made from n-type and p-type high purity Ge, IN, - Ny | ~ lOlo
to lOll/cm§ In the first experiments double injection Ge diodes
were made in the form of a bar with cross-sectional area of 1 to
by and 1 to 4 mm long., Electron injecting, Li-diffused n-contacts
and hole injecting, solid-phase Al p-contacts were made on opposing
faces (see Part 1, Section IV of this thesis). The Ii contact was
indium soldered to a Cu plate and a Cu wire was indium soldered to

the Al contact.

Later, to improve the heat dissipation, the double injection
diodes were made on quarter slices of high purity Ge. The Ge slices
are 100 to 200 mn° in area and 0.6 to 5 mm thick., The Ge slices
were lapped with 5 pm size grit and cleaned sequentially in trichloro-
ethylene, acetone, and methanol ultrasonic baths and then dried. One
face of the Ge slices was masked with plastic tape and then chemically
etched in 3HN03:1HF for 2 min, The etch was quenched with methanol,
plastic tape removed and the slices were placed in HF., They were
rinsed with methanol and dried prior to loading them into an evapo-
rator. An Al film, 0,5 um thick, was evaporated on the chemically

etched side of the slices., The opposite side of the slice was

painted with a Li in mineral oil suspension and the slice placed in
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a quartz tube furnace having a N, atmosphere. They were heated at

2
300 °¢ for 20 min and than slowly cooled to room temperature (~ 1.5
ob/min). This procedure can yield a Li-diffused n contact on one
side and a solid-phase Al p contact on the other side of the Ge
slicegzo)

A black wax mask was used to protect the entire Li-diffused
side of the Ge slices and 2 to 10 mm2 Al contacts on the other side.
Some Al contacts were located at the edge of the Ge slice while
others were away from the edge., The Al mesas were isolated using
a 3HNO3:1HF etch., The Li-diffused side was lightly lapped and
contacted with Inj; Cu wires were indium soldered to the Al contacts.
A schematic sketch of a typical double injection diode of the mesa
type is shown in Fig, 1.

‘The Ge double injection diodes were attached mechanically to

a Cu block, rinsed with methanol and dried prior to doing an experiment.

B. Device Temperature Control

A Janis variable temperature dewar equipped with quartz optical
windows was used for experiments performed at temperature between 2
and 300 oKo For some experiments below 4.2 oK, a pyrex glass dewar
was used, For 1,5 to L.2 °x operation, a vacuum regulated liquid
He temperature bath was used. A 500 1/min mechanical pump backed
the vacuum regulator.(Zl) Above 4.2 ®K, the Janis dewar with heated

He gas was used, The temperature was controlled using a C or Pt
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Figure 1 Typical Ge double injection diode of the mesa type.
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resistor mounted in the Cu sample block and an Artronix model 5301
temperatﬁre controller, The double injection diode temperature
was measured using a calibrated Ge or Pt resistor attached to the

Ge structure close to the double injection diode.

C. Measurement of the Double Injection Diode's Electrical and

Optical Characteristics

The electrical and optical properties of the double injection
diodes were measured using direct currents at low power levels and
by using pulsed currents at higher pOWer‘levels. For direct current
nmeasurements a current source was used and the voltage measured by
a digital voltmeter, For pulsed currents measurements a HP 21L4A
voltage pulser was used., The current was measured using either a
HP L456A current probe or by measuring the voltage across a known
resistance in series with the double injection diode. The double
injection diode voltage was measured with an oscilloscope. Current
pulse widths of 2 ps to 10 ms and duty cycles up to 50% were used,

The surface between the n and p contact of the double injection
diode was imaged onto the entrance slit of a Spex 1400-II spectrometer.
The recombination radiation from the double injection diodes was
detected by an InAs or InSb photovoltaic infrared detector., For
direct current measurements, the recombination radiation was detected
with an InSb detector operated at 77°K along with a mechanical light

chopper. For pulsed current measurements, the recombination radiation
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was detected with an InAs detector operated at l95°K. The detector
and preamplifier had a 0-63% response time of 1.7 pusec., The signal
from the detector was processed either by a lock-in amplifier or

by a box-car integrator and recorded by a strip-chart recorder. Figure
2 shows a schematic diagram of the experimental apparatus.

The spatial distribution of the recombination radiation intensity
in the Ge double injection diode was measured by imaging the surface
between the n and p contact onto the InAs infrared detector having
a sensitive area of 0,3 mm x 1 mm, The surface area was magnified
by three, The detector was mechanically scamned though the image of
the surface of the double injection diode and the detector signal
was processed by a lock-in amplifiler and recorded by a strip-chart

recorder.
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Figure 2 A schematic diagram of the experimental apparatus used

in electron-hole condensate experiments,
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IIT, RESULTS AND DISCUSSIONS

A, Electrical Characteristics of Ge Double Injection Diodes

The measured steady-state forward current-voltage characteristics
of a typical Ge double injection diode used in the electron-hole
condensate study is shown in Fig, 3. This particular mesa &Lype
device, Ge 201, was 2.4 mm long and located near the edge of Ge slice.
Other Ge diodes of various geometries with lengths of 0.6, 1.2, and
4,7 mm showed the same general characteristics. The figure shows the
current-voltage characteristics at 90°K (dot), 14°K (circle) and
h.2°K (square). The current-voltage characteristic remained nearly
unchanged from 4,2°K to 1.5%.

At 90°K the forward current increases rapidly with a small
increase in applied voltage. This behavior is predicted from standard
double injection theory for double injection diodes with "short"
intrinsic ~egions (diffusion regime of double injection).(zz) A double
injection diode is expected to operate in a diffusion regime if the

length of the device is of the order of the ambipolar diffusion length

(-4 .
(La = [2D, DP T/, + Dp) 1 mm at 90°K) where T is the common
high injection lifetime and Dn and Dp are the diffusion coefficients
for electrons and holes respectively. The voltage dropped across the
intrinsic region is usually small in these devices compared to the

(

n and p junction voltage drops. 22) This renders the quantitative

description of the current-voltage characteristics of a double
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Figure 3 Forward blased, current-voltage characteristics of a
6 m’ by 2.4 mm long mesa type double injection diode made
on a ~ 200 mm2 area Ge slice, They were measured at 90°K
(dots), 14%K (circles), and 4,2% (squares). These rapidly
rising currents versus voltage characteristics were typical

of other diodes with various geometries.
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injection diode difficult but qualitative agreement can be easily
(23)

achieved., In longer double injection diodes the voltage drop
across the junctions can be made small compared with the total device
voltage. In that case, quantitive agreement with standard double
injection theory was achived (see Part 1, Section IV of thesis).

Standard double injection theory treats only free carrier recom-
bination mechanisms and transport in semiconductors. However, at
low temperatures, excitons, bound excitons and condensate are
present in Ge double injection diodes. One might expect that they
would have a significant effect on the carrier transport and could
influence the current-voltage characteristics of the double injection
diodes at low temperatures. At present, no double injection theory
exists which takes into account free carriers, excitons and con-
densate, A major obstacle in formulating such a theory is that
various rate kinetics between free carrier, excitons, and condensate
are not fully understood.,

The circles and sguares in Fig, 3 are the measured current-
voltage characteristics at 14°K and at 4,2%K respectively, The
forward current increases rapidly. with small increases in applied

voltage similar to what is measured for 90°%K,

B. Recombination Radiation from Ge Double Injection Diodes

The recombination radiation spectra at 20%K (dashed line) for

a device current of 800 mA and at 4.2% (solid line) for a device
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current of 300 mA are shown in Fig. 4, The well established IA-

phonon and TO-phonon assisted exciton recombination radiation line

at 714 meV and 706 meV respectively dominate the spectrum at 20°K.

At a temperature of M.ZOK; IA-phonon assisted line at 709 meV and
TO-phonon assisted line at 700 meV, characteristic of the more

strongly bound condensed electron-hole phase, dominate the SPeotrum.(3)
The ILA-phonon assisted exciton recombination radiation line has a
linewidth at half maximum of 3,7 meV at 20°K. 'The IA-phonon assisted
condensate recombination radiation line has a linewildth at half
maximum of 3,0 meV which is essentially the same as widths reported

(3,6)

This value of the width has been used to estimate

3

a carrier density of 2 x 1017/cm for the condensate in Ge, Similar

elsewhere,

results have been obtained with Ge double injection diodes made with
various other geometries,

The condensate in the double injection diodes exlsts under direct
and pulsed current excitation., Figure 5 shows a IA-phonon and TO-
phonon assisted condensate recombination radiation spectra at L.2%K
for a pulsed and direct current of 100 mA, Both direct and pulsed
current excitation of the Ge double injection diode yields similar
recombination radiation spectra. Pulsed current excitation is to be
preferred when device heating is of primary concern.

In summary, the condensate occurs in Ge double injection diodes
at 4.2°K under direct and pulsed currents, No evidence is seen for

the LA-phonon assisted exciton recombination radiation line at
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Figure L IA- and TO~-phonon assisted recombination radiation spectra
of a Ge double injection diode at 20°K (dashed Line) for
a device current of 800 mA (11 ms pulse, 22% duty cycle)
and at 4,2°K (solid line) for a device current of 300 mA
(1 ms pulse, 9% duty cycle). The vertical scales are not

the same for the spectra.
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Figure 5 IA- and TO-phonon assisted condensate recombination
radiation spectra at 4.2°K for a Ge double injection
diode with pulsed currents of 100 mA (4 ms pulse, 6.8% duty
cycle, dashed line) and with direct current of 100 mA
(solid line). The vertical scales are not the same for the

spectra.
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714 meV for temperatures below 5°K. This is comntrary to what is
reported for experiments using optical beam excitation where the
IA-phonon assisted exciton recombination radiation line at 714 meV

has been observed for temperatures below M.ZoK. In optical excitation
experiments, the presence of the exciton line could be due to surface

heating or to an inhomogeneous carrier distribution.

C., Influence of Device Current and Temperature on the Reconbination

Radiation Spectra

The reconmbination radiation spectra from Ge double injection diodes
were measured using direct and pulsed currents. Excitation currents in
the range of 20 pA to 1.5 A were investigated. The lower current limit
was imposed by the spectrometer-detector sensitivity while the higher
currént limit was determined by device heating considerations, These

limits varied with different device structures.

1., Current Dependence

The IA- and TO-phonon assisted condensate recombination spectra
at 4.,2° for a direct current of 0.2 mA (dotted), 1.0 mA (dashed)
and 100 mA (solid) are.shown in Fig. 6. The recombination radiation
spectra show the IA- and TO-phonon assisted lines at 709 meV and
700 meV respectively. The energy position and linewidth at half
maximum of the condensate lines are independent of current.

To minimize heating, higher current excitation was studied
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Figure 6 IA-and TO-phonon assisted condensate recombination radiation
spectra of a Ge double injection diode at 4.2°K with direct
currents of 0.2 mA (dotted line), 1.0 mA (dashed line),
and 100 mA (solid line). The vertical scales are not the

same for the spectra.
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using pulsed currents. The IA- and TO-phonon assisted condensate
recombination radiation spectra for three pulsed current levels are
shown in Fig. 7. The energy position and linewidth at half maximum
are the same as for direct current excitation.

No threshold current for condensate formation was found for any
of our double injection diodes within our spectrometer - detector
sensitivity limits. This is in contrast to but not in contradiction

with the data reported for optical excitation experiments.

2. Temperature Dependence

The recombination radiation spectra from Ge double injection diodes
were investigated over a temperature range of 1.5 to 90°K. Figure 8
shows a IA- and TO-phonon assisted condensate recombination radiation
spectra from a Ge double injection diode with a pulsed current of
50 mA at 4.2°K and at 2.6°K. No appreciable change in line position
or linewidth was noticed as the temperature was lowered below 4.2°%.
However, when the temperature was raised above h,2°K5 dramatic changes
occurred in the recombination radiation spectra.

Figure 9 shows the IA- and TO-phonon assisted recombination
radiation spectra at h.8°K, 7.2°k, and at 20%K, The line position
and linewidth of the condensate recombination radiation lines at
4.8% is essentially the same as that at 4.2°K, At 7.2 a significant

change in the recombination radiation spectra has occurred. The
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LA~ and TO-phonon assisted condensate recombination
radiation spectra at 4.2% for a Ge double injection
diode with pulsed currents of 50 mA (4 ms pulse, 6.8%
duty cycle, solid line), 100 mA (4 ms pulse, 6.8% duty
cycle, dashed line) and 400 mA (4 ms pulse, 36% duty
cycle, dotted line). The vertical scales are not the

same for the spectra,
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IA- and TO-phonon assisted condensate recombination
radiation spectra of a Ge double injection diode with

a pulsed current of 50 mA (4 ms pulse, 6.8% duty cycle)
at 14,2°K (dashed line) and of 50 mA (2 ms pulse, 18% duty
cycle) at 2.6% (solid line)., The vertical scales are

not the same for the spectra.
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Figure 9 Phonon assisted recombination radiation spectra for a Ge
double injection diode at 20°K (800 mA, 11 ms pulse, 22%
duty cycle, solid line), 7.2°K (800 mA, 11 ms pulse, 22%
duty cycle, dashed line), and %,8% (300 mA, 1 ms pulse,
% duty cycle, dotted line)., The vertical scales are not

the same for the spectra.
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IA~-phonon assisted line at 709 meV, associated with the condensate,
has disappeared and two lines at 712 meV and 714 meV have appeared.
The line at 714 meV is the well established IA-phonon assisted exciton
recombination radiation line, The other line at 712 meV has been
identified (24) as the LA-phonon assisted bound exciton recombination
radiation line, Both lines were present at temperature between

7°K to 15°K. The bound exciton line intensity decreased with respect
to the exciton line intensity as the temperature was raised. Above
15°K only the exciton line remained, The exciton linewidth decreased

with temperature and was always wider than the bound exciton line,

The bound exciton linewidth is spectrometer resolution limited,

3. Device Heating Effects

Device temperature can have a significant effect on the re=-
combination radiation spectra of Ge double injection diodes. The
possibility of device heating exists even when a constant temperature
liquid He bath is used. Heating effects were more apparent in the
bar type structures,

At low currents condensate recombination radiation spectra essen-
tially similar to Fig., 8 were obtained for the bar type structures.
At higher currents the recombination radiation spectra shown in Fig,
10g were obtained for a bath temperature of l.9°K and a device current
of 260 mA, In this spectrum, the distinct peaks correspond to both

exciton and condensate., This result is contrary to that found in the
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Time integrated recombination spectrum in a bath at
1.9% with 11 ms injection pulses of 260 mA and 4 V,
The time resolved spectrum with the sample in a bath
at 2.4°% with 5.6 ms current pulses of 70O mA and 6 V.
The solid line (A) gives the spectrum obtained in a
gated time interval of 60-160 us from the beginning of
the pulse (see insert)., The dotted line (B) gives the
spectrum obtained in a gated interval of 160-60 us

from the termination of the current pulse.
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mesa type Ge double injection structures. To investigate variations
of such a spectrum during an injection pulse, time resolved spectra
were obtained over gated time intervals of 100 ps with the sample at
a bath temperature of 2.4°K, The data shown by the solid line, in
Fig. 10b, were measured near the beginning of the pulse and exhibit
a condensate peak at about 709 meV, The results shown as a dotted
line were obtained near the end of the injection pulse and exhibit
a free exciton peak at 714 meV, Thus the condensate is present
during the initial part of the pulse and excitons during the final
part of the pulse, The presence of the excitons and condensate
results in the appearance of both peaks in the time integrated
spectrum shown in Fig. 1Oa.

At low power levels, the condensate radiation shows no decay during
the current pulse. At higher power levels, the condensate recombi-
nation radiation intensity decreases during the current pulse; and
the exciton signal appears and increases in intensity. Transient
analysis was utilized to show that with increasing power levels the
condensate radiation intensity decays giving way to exciton radiation.,

Our results show that device heating can have rather a significant
influence on the recombination radiation spectrum, The mesa type Ge
double injection structures had improved heat dissapation. For this
reason, all the data presented in this thesis, except for this part,

were obtalned on mesa type structures.
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}i, Dependence of the Recombination Radiation Intensity on
Current and Temperature

The temperature and current dependence of the condensate's
recombination radiation intensity were investigated in the temperature
range of 2 to 4.2%K and in the current range of 15 pA to 1.4 A. The
recombination radiation intensity at the 709 meV condensate peak versus
direct current at M.ZOK is shown in Fig, 11, The spectrometer had
a bandwidth of 1,4 meV, There is a current range where the in-
tensity is linearly proportional to the deviece current. At higher
currents, the intensity versus current is sub-linear; possibly
due to device heating., At lower currents the intensity versus
current is super-linear. Due to the spectrometer-detector sensitivity
it was not possible to determine if this super-linear regime Trep-

resent a true threshold for condensate formation,

Higher current levels were investigated using pulsed current,
Figure 12 shows the recombination radiation intensity of the 709 meV
condensate peak from a Ge double injection diode versus pulsed
current at 4.2%K, The spectrometer bandwidth is 1.4 meV. The
intensity plotted is the recombination radiation intensity in a
50 us window, 10 us from the end of a 400 ps current pulse. In the
current range from 60 mA to 700 mA the intensity increases linearly
with current., At higher currents it begins to decrease. As

mentioned before the decrease in the intensity at higher currents is



92

Figure 11 The recombination radiation intensity of the 709 meV
condensate peak for a Ge double injection diode through
a spectrometer with bandwidth of 1.4 meV versus direct

current at 4,2°K bath temperature.
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Figure 12

ok

The recombination radiation intensity of the 709 meV
condensate peak for a Ge double injection diode obtained
through the spectrometer having a bandwidth of 1.4 meV
versus pulsed currents at 4.2°K. The intensity plotted
is the recombinstion radiation intensity in a 50 us
window, 10 us from the end of a 400 us current pulse

(0.68% duty cycle). (See insert).
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attributed to device heating.

The temperature dependence of the recombination radiation
intensity of the condensate was studied from 2 to 4,2°K, This
experiment was performed using a mesa type Ge double injection diode
6 mm2 by 1.2 mm long, The recombination radiation intensity of the
condensate versus pulsed current is shown in Fig, 13 for a bath
temperature of 4.2%K (triangles), 3.1% (squares), 2.7% (circles)
and 2.0% (dots). These measurements were not made through the
spectrometer, Plotted is the recombination radiation intensity
at the end of a 100 ps duration current pulse,

At a given temperature the intensity increases with device
current, At given current the intensity increases as the temperature
is lowered. It can be seen that device temperature has a large

effect on recombination radiation intensity from the condensate.

D, Homogeneity of Recombination Radiation from Ge Double Injection

Diodes

Surface scans of the recombination radiation indicate that the
recombination radiation was emitted predominately from the volume
between the n and p contacts for all the temperatures investigated
in the range of 1,5 to 90°K. The recombination radiation spectra were
the same at the n contact and p contact as they were for the volume
between the contacts,

Intensity distribution scans with a lateral resolution of ~ 0.2 mm



Figure 13 The recombination radlation intensity of the condensate
from a Ge double injection diode, not through the spectrom-
- eter, versus pulsed currents for bath temperatures of
L.2°K (triangles), 3.1°K (squares), 2.7°%K (circles) and
2.,0% (dots). The intensity plotted is at the end of
a 100 ps duration current pulse (10% duty cycle). The
device was of the mesa type with an area of 6 mm2 and

length of 1,2 mm,
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were made between the n and p contacts for a mesa type, 2.4 mm long,
Ge double injection diode and are shown in Fig. 14, . The scans were
made at a pulsed current of 100 mA and at the following temperatures,
k.2, 6,0, 8.7, 14, 31, and 89%. At 14, 31 and 89°%K the recombination
radiation intensity scans are similar, Below lhoK, the recombination
radiation intensity from the n contact increases relative to the peak,
This could be due to the Li donors in the n contact freezing out. At
L,2% the recombination radiation is emitted almost uniformly from

the region between the n and p contacts.

E. Recombination Lifetime of Condensate and Excitons

The recombination radiation lifetimes of both condensate and
excitons were measured by applying a constant current pulse to the
Ge double injection diode and monitoring the intensity decay after
the end of the current pulse, A trace of the recombinatilon radiation
intensity from the condensate for a pulsed current of 100 mA is
shown in Fig., 15b, Figure 1l5a shows a trace of the current waveform,
Figure 16 shows a current trace and recombination radiation intensity
trace at 2°K taken directly from an oscilloscope., The time from the
end of the current pulse required for the intensity to decrease to
e_l of its maximum value is approximately 4O us for both temperatures.
The logarithm of the recombination radiation intensity from the con-

densate plotted versus time is shown in Fig, 17. The time dependence

of the intensity is expomential with a time constant of 40 ps. This
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Figure 14 Recombination radiation intensity scans between the n and
p contacts for a mesa type Ge double injection diode at
a) L.2°%, b) 6.0°K, c¢) 8.7%, a) 14°K, e) 31%, and f) 89°K
for a pulsed current of 100 mA (1 ms pulsed, 9% duty cycle).
The surface was magnified by 3 and imaged onto an infrared
detector with a: sensitive area of 0.3 mm x 1 mm, The
insert shows a schematic dlagram of the cross-section of
the 2.4 mm long mesa type double injection diode. The
intensity scales are not the same for each part of the

figure,
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Figure 15 A time trace of a) current pulse and b) recombination
radiation intensity for a Ge double injection diode with
a pulsed current of 100 mA (120 us pulse, 24% duty cycle)
at 3.2°K bath temperature. The mesa type double injection

2
diode is 6 mm~ by 1.2 mm long.
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gives a condensate lifetime of 40 us at 3.2°K. Also shown in Fig, 17
is the logarithm of the recombination radiation intensity from the
excitons at 20°K following a current pulse, The decay is exponential
with a time constant of 6 us. This gives an exciton lifetime of 6 us
at 20°K, These values are consistent with reported values obtained by

(3,5,9)

optical excitation.
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Figure 16 A time trace of a) current and b) condensate recombination
radiation from a Ge double injection dilode at 2.0°K‘bath

temperature, The mesa type double injection diode is 6 mm2

by 1.2 mm long.,
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Figure 17
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Plot of the log of the recombination radiation intensity
following a 100 mA current pulse at 3.2°K (dots) versus
time, Also shown is a plot of the log of the recombination
radiation intensity following a 500 mA current pulse at

o

20 K. The condensate lifetime at 3.2°K is 40 us and the

exciton lifetime at 20°K is 6 us.
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Iv., CONCLUSIONS

The condensed phase of electrons and holes does occur in Ge
double injection diodes., The condensate was produced by electrical
injection of carriers from the contacts. It was present at least up
to temperatures of 5°K'with either direct or pulsed current excitation,

The IA- and TO-phonon assisted condensate recombination radiation’
lines occurred at 709 meV and 700 meV respectively. The linewidth at
half maximum of the 709 meV line is 3,0 meV, Both line position and
linewidth were found to be independent of current and temperature.

The recombination radiation lifetime of the candensate is 4O us.

The IA- and TO-phonon assisted condensate recombination radiation
spectra were similar to that obtained in optical injection experiments
except for one important difference. We did not observe recombination
radiation corresponding to excitons at temperatures below 5°Kvunless
device heating was present. In the optical experiments exciton
recombination radiation was always observed down to 2°K. At tempera-
tures above TOK'We observed recombination radiation due to excitions.
Above 15°K only the exciton line is observed.

The spatial distribution of the recombination radiation from
the condensate indicated that the radiation was emitted almost
uniformly from the volume between the contacts. Recombination
radiation spectra measured by imaging various parts of the double

injection diode onto the spectrometer slits showed that the spectral



nature was the same throughout the double injection diode,

It was found that the intensity of the recombination radiation
from the condensate increased with current at constant temperature,
At high currents the intensity increased more slowly and eventually
began to decrease., This was attributed to device heating. It was also
found that the intensity increased as the temperature was lowered
at constant current., The intensity depended strongly on temperature.
It was not possible to determine a threshold current for condensate
formation within the sensitivity of our spectrometer-detector system,

The IA- and TO-phonon assisted exciton recombination radiation
lines occured at 714 meV and 706 meV, The line position is approxi-
mately independant of temperature. The linewidth at half-maximum is
3.7 meV at 20°K and decreases as the temperature is lowered. The
exciton lifetime is 6 ps at 20°K. Only the LA-phonon assisted bound
exclton recombination radiation line at 712 meV could be resolved.

The current btransport in Ge double injection diodes at low
temperatures is not presently understood, The next Sectlon presents
speculations on the current transport mechanism,

Electrical injection of carriers into Ge double injection diodes
offers a new way to study the collective properties of free electrons
and holes, excitons, bound excitons and condensate at liquid He

temperatures,
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V. SPECUIATION ON CURRENT TRANSPORT IN Ge DOUBLE INJECTION

DIODES AT LOW TEMPERATURES

I speculate that excitons, bound excitons and condensate play
a minor role in the current transport in Ge double injection diodes
at low temperatures. Therefore, standard double injection theory
is applicable at temperatures down to 29,

This speculation is supported by three observations., First, the
intensity of the recombination radiation from the condensate increases
continously as the temperature is lowered from 5 to 29K at constant
current, This suggests that the volume of the double injection diode
is not completely filled with the condensate at temperatures above
2. Second, we do not observe a peak on the recombination radiation
spectrum corresponding to the exciton at temperatures below SQK.
Third, upper bounds on the fraction of the double injection diode
filled with the condensate are 0.0L % at 4.2°K and 0.2% at 2°K.
These estimates were obtained by measuring the total reconbination
radiation intensity from the condensate, These three observations
above suggest that the device current due to recombination of
excitons, bound excitons and condensate is small when compared to the
total device current, Therefore it is expected that the majority
of the current transport occurs via free carriers,

One way to test the above speculation is to use the absorption

of light by electrons and holes to measure the total concentration



of carriers in Ge double injection diodes. Fortunately, a strong

light absorption process due to holes is present in Ge at a wave-
(25,26) e .

length of about 3.4 um, This light absorption process has

been attributed to inter-valance band hole absorption, The reported

16

cross-section for absorption at a wavelength of 3.4 um is 1.6 x 10~
cmZ. (26) This value has been found to be approximately independant
of temperature in the range between 77 to 300°K. Since the valance
energy bands are not expected to change appreciably below 77°K(27),
the light absorption cross-section should not change below 77°Kg
This light absorption process by holes dominates over free carrier
absorption by at least a factor of'ten.(25)

A He-Ne laser beam at a wavelength of 3.39 pm can be used to
measure the light absorption coefficient due to the injected.
Noles, This can be done by measuring the fractional change in laser
beam power due to the current being switched on and off. The
average hole concentration can be calculated from the measured
absorption coefficient and the absorption cross-section., This
in turn will give the average carrier concentration assuming n~p
for free carriers, excitons, bound excitons and condensate in the
double injection dilode,

The above along with known data about excitons, bound excitons,
and condensate allows one to put an upper bound on the device current

due to recombination of excitons, bound excitons and condensate. The

light absorption measurement could be supplemented with voltage probe
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measurements across the lightly doped region. One could use this

measurement to test agreement with standard double injection theorygzz)
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