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The effect of hydrostatic pressure up to 10000 kg/cm2 on excess carrier lifetime in single-crystal samples 
of n- and p-type germanium has been studied over a temperature range of 200o-350oK. The results of 
the experiments are interpreted in terms of existing theories of charge carrier recombination via recom
bination centers, and expressions for the variation of recombination level energies within the forbidden 
energy gap as a function of pressure are inferred. These variations are understandable on the basis of a 
simple Bohr model of defect levels in a dielectric medium whose dielectric constant varies with pressure. 
Tentative suggestions relating the recombination centers in the experimentally investigated samples to 
the presence of interstitial and substitutional impurity atoms are advanced. 

I. INTRODUCTION 

Excess carrier lifetime is a highly structure-sensitive 
parameter of a semiconducting crystal. When the 
equilibrium carrier concentration is disturbed, processes 
are initiated which act to return the system to equilib
rium, In semiconductors such as germanium and sili
con, the primary mechanism responsible for the es
tablishment of equilibrium appears to be recombina
tion of these carriers via certain types of impurity 
centers, defects or :flaws in the bulk of the crystal. 
Energy levels in the bandgap are associated with dis
tortions of the periodicity of the lattice caused by these 
defects. The application of hydrostatic pressure may be 
expected to produce a change in the energy of these 
levels relative to the band edges and the Fermi level, 
altering their occupation statistics and consequently 
the excess carrier lifetime. Experimentally determined 
changes in excess carrier lifetime can be related to 
changes in the characteristics of the defect levels, and 
can be used to obtain useful data involving the funda
mental nature of these levels. 

II. INTERACTION OF EXCESS CARRIERS 
WITH RECOMBINATION CENTERS 

The kinetics of the recombination process have been 
treated by various authors,l-4 and a comprehensive 
discussion is given by Blakemore.s In the experiments 
to be described, the lifetimes are measured under 
transient conditions. It can be shown5 that for small 
:flaw densities and low injection levels, the lifetime ob
tained through transient measurements is identical to 
that obtained by Shockley and Readl under steady
state conditions, i.e., 

r= (cpN,)-l(no+nl)/(nO+po) 

+ (cnNr)-l(po+Pl) / (no+Po) , (2 .1) 
where 

PI density of holes in the valence band when the 
:flaw level coincides with the Fermi level 

N, :flaw density 
Cn electron capture coefficient, defined by Cn == 

Un (vn ), where (vn )= average thermal velocity, Un= 
capture cross section 

Cp hole capture coefficient. 

Equation (2.1) follows from the rate equations 

don/dt= -cn[N,Oon- (nO+nl) on,] 

dop/dt= -cp[N,.-op+ (Po+PI) on,], (2:2) 

and the equation of charge neutrality 

on,+on= op, (2.3) 

where on is the density of eXGess electrons in the con
duction band, op is the density of excess holes in the 
valence band, on, is the density of . excess electrons in 
the :flaws, N,- is the equilibrium density of occupied 
:flaws (filled with electrons) and N,o is the equilibrium 
density of empty :flaws (filled with holes). In this 
treatment, it is assumed that electrons and holes re
combine via a single discrete recombination level. ' FOi 
n-type material, Eq. (1.1) becomes 

r= (CpN,)-l (1+ exp Er:r
E

/) " 

( )
-1 N. exp(E~-E,)/kT + cnN, - , 

Nc exp(E/-Ec)/kT 

where the following definitions have been used: 

nl=Nc exp(E,-Ec)/kT 

Pl=N~ exp(E~-E,)/kT 

no=Nc exp(E,-Ec)/kT 

po=N. exp(E~-E,)/kT. 

(2.4) 

no equilibrium density of electrons in the conduction In these expressions Nc and N~ are the effective density 
band of conduction and valence band levels, and E~; E., E" 

po equilibrium density of holes in the valence band and E, are the energies associated with the conduction 
nl density of electrons in the conduction band when band edge, the valence band edge, the recombination 

the :flaw level coincides with the Fermi level level, and the fermi level, respect,ively.-The~ variation 
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FIG. 1. Variation of excess carrier lifetime with temperature of 
n-type material when the recombination level is in upper half of 
the bandgap. The temperature dependence of excess carrier life
time for n-type crystals when the recombination level is in the 
lower half of the bandgap is essentially similar, although the 
functional relationships differ. 

of lifetime with temperature for an n-type sample is 
shown.in Fig. 1. 

Measurement of the lifetime in Region II reveals 
the separation of the defect (recombination) level from 
the nearest band edge. It is possible to determine which 
band edge is involved provided information concerning 
the capture coefficients is known. This information 
may be obtained by comparing the low-temperature 
lifetime l / cp Nr with the intercept of the line in Region 
H.6 

The n-type sample used in these experiments ex
hibited the characteristics of recombination at a single 
flaw level. Another important case involves two defect 
leveis, one functioning as a recombination center and 
the other as a tr:ap.1 The rate equations are easily ex
tended to the case of two flaw levels (again assuming 
low injection conditions). They become 

don/ dt= -cn1[N10on- (nO+nll) onrJ 

- cn.[NNm- (nO+n12) onr.], 

dop/ dt= -cPl[N1-op+ (PO+Pll) onrl] 

-cpLN2-op+ (PO+P12) on,,] (2.5 ) 

and the equation of charge neutrality is 

" .. 
"- ..... .. 
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-T-

RESULTANT 
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I 

CnzN2. 

(2.6) 

FIG. 2. Resultant excess carrier lifetime in p-type material con
taining a recombination center and an electron trap. 

The subscripts refer to the two flaws, 1 and 2. The 
direct transfer of a carrier from one flaw to the other is 
neglected, since the flaws are spatially separated in the 
crystal. For p-type material containing an electron 
trap (cP1 =O), again assuming small flaw densities, the 
resultant lifetime is 

or 
r= (l / Cnrnll) + (1 / Cn .N2) + (n12/cp2N2PO) , (2.7a) 

r= (1/ Cnlnll) + (1/ C".N2) + (p12/ Cp.N2PO) , (2.7b) 

depending upon whether the recombination center is in 
the upper or lower half of the bandgap. Note that the 
first term describes the effect of the trap, and the last 
two terms describe the effect of the recombination 
center. Similar equations evolve for p-type material 
containing a hole trap and a recombination center, and 
the results of both these cases are shown in Figs. 2 and 
3. It is noted that when trapping is present it is im-

REGION I REGION n 

RESULTANT _ 
LIFETIME 1 __ - - - -

1000 
-T-

---
I 

cn2 N2 

FIG . 3. Resultant excess carrier liletime in p-type material COD

taining a recombination center and a hole trap . 

possible to determine in which half of the bandgap the 
recombination center lies, since the low-temperature 
lifetime limit 1/ Cn .N2 is masked by the presence of the 
trap. The lifetime in the high-temperature region (Re
gion I) is governed by the recombination center, and in 
the low-temperature region (Region II) by the trap. 

TIL PRESSURE EFFECTS 
One may now proceed to derive expressions for the 

excess carrier lifetime as a function of pressure in a 
variety of circumstances. It is assumed that the effec
tive masses and capture coefficients are independent of 
pressure; the validity of these assumptions will be 
examined later. The first case to be considered is that 
of n-type containing a single recombination center 
whose energy lies in the upper half of the bandgap. 
The lifetime in Region II of Fig. 1 is 

r= (cpNr)-I(nt/no) = (Cp1VrnO)-Wc exp[(Er-Ec)/ kT] 

= [2 (21J'm,. *k)3/2/ cpNrnOh3] ya/2 

X exp[(Er-Ec)/ kT]. (3.1 ) 

The conduction band-edge energy Ec can be written in 
the form 

E .. =Epp(P, T )= E",p(O, O)+OtP-(3T, (3.2) 

/ 
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where a and (3 are the pressure and temperature co
efficients of the bandgap. It is assumed in writing this 
expression that E v , the valence band-edge energy, is 
zero. It is now assumed that the change in the re
combination center energy may be described by 

Er(P) =Er(O)+-yP, (3.3) 

TEKTRONIX 
535 A SCOPE 

where -y is the pressure coefficient of the recombination FIG. 4. Circuit used to inject excess carriers and to measure the 
center. Equation (3.1) becomes change in conductivity. 

X 
(-yP-aP+{3T) (3.4) 

exp kT . 

In this equation Er(O) -Egap(O, 0) may be inferred 
from the variation of lifetime with temperature (the 
slope of the curve in Region II of Fig. 1). The mea
surement of lifetime- as a function of pressure then 
yields the pressure coefficient of the recombination
center energy. 

When the recombination-center energy lies in the 
lower half of the bandgap, the excess carrier lifetime, 
in Region II, is 

r= [2 (27rmp*k) 3/2/ cnnoNrh3] TJI2 exp[ (Ev - Er) / kT], 

(3.5a) 

resulting in a pressure-dependent lifetime given by 

r= [2 (27rmp *k)3/2/ cnnoNrh3] TJ /2 

X exp[ -Er(O) / kT] exp( --yP/kT). (3.Sb) 

In deducing this expression from (3.Sa) it should be 
recalled that one assumes that Ev = 0 to fix the origin 
of the energy scale. 

The low-temperature lifetime in Region I of Figs. 1 
and 2 is given by 

r= l / cpNr, 

regardless of the position of the recombination center. 
In this region, pressure experiments may reveal an 
effect upon the hole capture coefficient, testing the 
validity of the assumption of constant capture co
efficients. It is assumed that the uniform hydrostatic 
compression does not change the density of defects. 

Turning now to the situation where a recombination 
center is present in conjunction with a trap, it was 
shown in Figs. 2 and 3 that in the low-temperature 
region, the excess carrier lifetime is governed by the 
trap, and in the high-temperature region by the re
combination center. The energies of these levels are 
obtained from the slope of the curve in the two re
gions. The pressure coefficients of the defect levels, 
which may be of different types, can be determined by 
performing the pressure experiments in each region, thus 
isolating the dominant effect. 

The lifetime in the high-temperature region is (for 

p-type material) 

r= n12/ cp,N~po= [2 (27rmn *k)8/2/ c;.,N2poh3]TJ/2 

X exp[(Er-Ec)/kT], (3.6a) 
or 
r= P12/ Cn,N2Po= [2 (27rm/'k)3/2/ Cn,N2Poh3]TJI2 

X exp(-Er/ kT), (J.6b) 

depending upon whether the recombination center is in 
the upper or lower half of the bandgap. The pressure
dependent expressions are obtained in the same manner 
as were Eqs. (3.4) and (3.5). For the case of electron 
trapping, the lifetime in the low-temperature region 
(Fig. 2) is 

r= 1/ cn,nu = [h3T-3/2/ cn,2(27rmn *k)3/2] 

X exp[(Ec-Et)/kT], 

which results in a pressure-dependent lifetime 

r= [h3T-3/2/ cn ,2(27rmn *k)3/2] 

X exp{[Egap(O, 0) -Et(O)]/ kTI 

X exp[(aP--yP-,8T)/kT]. (3.7) 

The hole-trapping situation may be treated similarly. 

IV. EXPERIMENTAL 

Two samples were used; the first was a 14-!2 cm 
n-type antimony-doped germanium sample, and the 
other a 5-!2 cm p-type gallium-doped germanium sam
ple. The quoted resistivities are room-temperature 
(3000 K) values. The sample dimensions were approxi
mately 0.80X2.90XO.6S cm. They were lapped and 
polished (the final polishing stage using 1-/L diamond 
polish) and finally etched with a standard CP4 etchant. 

Excess carriers were electrically injected through a 
point contact, and the lifetime deduced from the time 
decay of the excess conductivity. The circuit used to 
inject the carriers and measure the change in con
ductivity is shown in Fig. 4. 

The temperature range covered in these experiments 
was from -70° to 80°C. The lower-temperature mea
surements (from -70°C to room temperature) were 
performed by placing the sample in an evacuated brass 
can and immersing the assembly in a Dewar containing 
a mixture of dry ice and acetone. Measurements were 
made while the mixture warmed up to room tempera-
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FIG. 5. Variation of excess carrier lifetime with temperature for 
14-fl em n·type germainum. 

ture. To go above room temperature, the dry-ice
acetone mixture was replaced by glycerin, into which 
was inserted a heater. Temperatmes were measmed 
with a Chromel- Alumel thermocouple attached to a 
piece of germanium of the same dimensions as the 
sample, and located in close proximity to it. 

The pressure experiments are performed in an ap
paratus capable of generating a hydrostatic pressme to 
10 000 kgjcm2• The pressure is measmed with a man
ganin resistance coil, which has been calibrated using a 
dead-weight gauge. The pressure bomb containing the 
sample was immersed in an oil bath provided with a 
heater and a temperature-regulating circuit. 

V. RESULTS 

The results of the measmements of life tim!! versus 
temperature for the 14-Q cm n-type sample are shown 
in Fig. 5. Comparison with Fig. 1 suggests that this 
sample contains a single recombination center. The 
position of the recombination center in the bandgap is 
calculated from the slope in Region II. A least-squares 
fit of the data leads to an equation of the form 

or 
(1/ C.,"NTnO) [2 (27Nnp *k) 3/2/ hSJ= 31.6 deg f.Lsec, 

depending upon the position of the recombination cen
ter. Upon substitution of the known constants,S these 
equations give 

1/cpNr= 7 f.Lsec or 1/cnNr =4 f.Lsec . 

However, from the low-temperature lifetime in Region 
I, it is known that 1/ CpNT= 52 f.Lsec. Since there is about 
an order-of-magnitude difference between 1/cpNr as 
given by the lifetime in Region I and the quantity 
1/ cpNr as calculated from the slope in Region II, it 
may be inferred that the quantity calculated from the 
slope is in fact 1/ c"Nr• Consequently, the recombination 
process takes place via a level 0.18 eV above the 
valence band, and since cn> Cp , the defect is donor like. 

In view of the above result, the variation of lifetime 
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FIG. 7. Excess carrier lifetime versus pressure for n-type sample 
at T=244°K. 

with pressure for the n-type sample is described by 
Eq. (3.Sb). Figure 6 shows the results of pressure mea
surements at 24.8°C, or 1000/ T= 3.36. A least-squares 
fit of the data to Eq. (3.Sb) in the form 

r= A exp( -"(P/kT) , 

r= 31.6TB/2 exp( -0.18/kT). (5.1) results in a pressme coefficient having the value 

In this equation cgs units are used, the activation 
energy being expressed in electron volts. Comparison 
with Eqs. (3.1) and (3.Sa) shows that 

(1/ cpNTno) [2 (21rmn'::k) S/2/ hsJ= 31.6 deg /lsec 
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FIG. 6. Variation of excess carrier lifetime with ~ressure for 14-fl 
em n-type germanium at T=298 K. 

"(= -1.2X 10-6 eV cm2 kg-l. (5.2) 

Thus the recombination center approaches the valence 
band at the above rate. 

A measurement of the lifetime as a function of pres
sure in the low-temperature region of Fig. 5 should re
veal information concerning the capture coefficient 
Cpo Figure 7 shows the effect of pressirre on the lifetime 
at 1000/T=4.1(T=244°K). As one may easily see, 
the lifetime is approximately constant over the pres
sure range, indicating that the capture coefficient Cp is 
practically independent of pressure. 

The variation of lifetime-with temperature from the 
gallium-doped 5-Q cm p-type germanium is shown in 
Fig. 8. A comparison with Figs. 2 and 3 suggests that 
both a recombination center and a trap are present. At 
temperatures in excess of 1000/ T= 4.06 (246°K) the 
lifetime limiting process is dominated by the recombina
tion center. The lifetime in this region is given through 
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Eqs. (Ua) and (Ub) by 

7'= nu/ Cp .JV2PO= [2( 21J'1nn *k )8/2/ cp .JV2poh3] '['3/2 

X exp[(&-Ec)/kT], (S.3a) 
or 

7'= pu/ Cp2N2Po= [2 (211"mp *k)3/2/ cp.JV2Poh3] '['3/2 

X exp[(Ev-&)/kT]. (S.3b) 

A least~squares fit of the data gives 

r= 4.1'['3/2 exp( -0.13/ kT). (S.4) 

The recombination center lies 0.13 eV from one of the 
band edges. For this case, it is not possible to differenti
ate between Eqs. (S.3a) and (S.3b) since the constant 
low-temperature lifetime 1/ Cn .JV2 is masked by the pres
ence of the trap. 

At temperatures below 1000/ T=4.06, the excess 
carrier lifetime increases, which is characteristic of a 
trapping process. The slope in the trapping region indi
cates that the trap lies O.OS eV from one of the band 
edges. 

The measurement of lifetime as a function of pres
sure was performed at 1000/ T= 3.10, which is well into 
the region dominated by the recombination center. 
The results are shown in Fig. 9. A fit of the data to 
Eqs. (S.3a) and (S.3b) (substituting the pressure
dependent terms) results in a pressure coefficient of 

-y= -1.SX 10-6 eV cm2 kg-I, 

and the recombination level approaches the nearest 
band edge at the above rate. No pressure measure
ments were made in the trapping region, since the 
temperatures well into the trapping region where the 
measurements should be made are too low to permit 
the high-pressure system to function properly. 

VI. DISCUSSION 

In order to interpret the experimental results, it is 
necessary to examine the various types of flaws and 
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dislocations which may function as recombination and 
trapping centers. 

Consider first the introduction of chemical impurities 
in the germanium lattice. Depending upon their size 
and nature, these impurity atoms may be incorporated 
in the lattice either substitutionally or interstitially. 
Atoms which are easily ionized, and known to be 
partially present interstitially in germanium such as 
copper, nickel, and lithium are expected to act as 
donors, since none of the electrons of these atoms are 
required for bonding purposes. Unfortunately, a gen
eral theory of the electrical effects of interstitial atoms 
in semiconductors is nonexistent, and it is difficulty to 
infer anything about the depth of these donor levels. 
However, when metal ions such as these are sub
stitutionally placed, they act as acceptors, since there 
is then a deficiency of electrons. Table I shows the 
position and character of the energy levels associated 
with the more common chemical impurities in ger
maniunl.9 

The effect of hydrostatic pressure on these impurity 
levels may be deduced in a simple manner by assuming 
that a hydrogenic atom model is applicable. The ioniza
tion energy is then given by 

(6.1) 

where K is the dielectric constant. The applicability of 
this picture, particularly in a quantitative sense, is 
circumscribed by the fact that the Bohr radii for levels 
as deep lying as these are so small that the region of the 
crystal enclosed by them is not very well represented as 
a uniform linear dielectric. Nevertheless in the absence 
of any more sophisticated theory (and there appears to 
be none applicable to deep-lying states) we shall use 
this simple picture as a basis for discussion of our ex
perimental results. The dielectric constant for germa
nium is known to decrease with pressure.IO Therefore, 
on the basis of this admittedly naIve and oversimpli
fied model, a donor level would be expected to shift 
toward the valence band, and an acceptor level toward 
the conduction band. Dislocation defects, due to the 
unpaired or "dangling" bond which inevitably results, 
are expected to act as acceptor centers. 

The use of radiation as a method of introducing rec-
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TABLE I. Activation energies of chemical impurities in ger
manium. Ee: Energy of conduction band edge. E,: Energy of 
valence band edge. E.: Energy of impurity level. A: Acceptor. 
D: Donor. 

Element Type 

Cu(l) A 
Cu(2) A 
Cu(3) A 
Au(l) D 
Au(2) A 
Au(3) A 
Au (4) A 
Ag(l) A 
Ag(2) A 
Ag(3) A 
Ni(l) A 
Ni(2) A 
Fe(l) A 
Fe(2) A 
Co(l) A 
Co(2) A 
Mn(l) A 
Mn(2) A 

E.-E. 
(eV) 

0.26 

0 .20 
0.04 

0.28 
0.09 

0.27 

0.31 

0.35 

E.-E, 
(eV) 

0 .32 
0.04 

0.05 
0.15 

0.14 

0.22 
0 .30 
0.34 

0.25 

0.16 

tain types of defects has resulted in a wealth of informa
tion on the nature of defect structures. The subject 
has been extensively reviewed. ll ,12 The energy levels 
which have been observed in germaniunl irradiated by 
deuterons, electrons, neutrons, and gamma rays have 
been discussed by Fan and Lark-Horovitz.13 A donor 
level appearing at 0.18 eV above the edge of the valence 
band has been attributed to an interstitial atom.l4 

The recombination center in the n-type sample was 
found to be a donor-type level 0.18 eV from the valence 
band. If the donor level is associated with a chemical 
impurity, then Eq. (6.1) can be used to calculate the 
change in ionization energy with pressure. The frac
tional change in dielectric constant with pressure 
(l/ K)(dK/ dP), is -1.2X1O-s cm2/ kg, and the frac
tional change in the effective mass is (l / m) (dm/ dP) = 
5XlO-s cm2/kg. Equation (6.1) may be differentiated 
and written in the form 

dEi/dP= (me''/2K2f1,2) 

X[(l/m) (dm/dP) - (2/K) (dK/dP)]' (6.2) 

If the factor multiplying the right-hand side of Eq. 
(6.2) is assumed to be 0.18 eV, then 

dEi/dP= 0.18(5X lo-s+2X 1.2X 1Q-6) 

= 1.3X1Q-6 eV cm2 kg-I 

which is a value remarkably close to that found from 
the measurements. 

The agreement between 
measurements must be 

the above results and the 
regarded as somewhat 

fortuitous, since it is not at all clear that Eq. (6.1) is 
applicable to deep-lying levels. For example, if one 
calculates the radius of the first Bohr orbit correspond
ing to an energy of 0.18 eV and a dielectric constant of 
16, the result is a radius of about 3 A, or just slightly 
more than the interatomic distance in germanium 
(2.44 A). The concept of a dielectric constant loses its 
meaning under these circumstances. Reference to Table 
I shows that none of the common chemical impurities 
behave as a donor level 0.18 eV from the valence band. 
It is therefore regarded as unlikely that the recombina
tion process proceeds via a substitutional chemical 
impurity. 

The donor nature of the recombination center miti
gates against an edge (or any other) dislocation acting 
as a recombination center since, due to the "dangling" 
bonds which are present in such dislocations, they are 
expected to act as acceptors. . 

It is known from the effects of neutron radiation that 
heavy particle radiation can result in an atom moving 
to an interstitial site, and it is also quite possible that 
such an interstitial results during the growth of the 
crystal.l5 The interstitial atom may act as a donor, 
and may result in a donor level 0.18 eV from the 
valence band. The application of pressure, resulting in 
a compression of the lattice and an increase in the 
interaction between neighboring atoms, is expected to 
increase the activation energy of the recombination 
level, and the measurements show this to be the case. 
Therefore, it is suggested that for the n-type sample the 
recombination process occurs via a center which is 
associated with an interstitial atom. 

The other terms in the expression for the lifetime 
[Eq. (3.5a) ] which may contribute to a change in the 
excess carrier lifetime, are the electron capture co
efficient Cn and the hole effective mass mp~:. The change 
in effective mass is approximately 2% in 10 000 kg/ 
cm-2• This increase is not nearly enough to account for 
the increase in lifetime by approximately 60%. In 
addition, Fig. 7 shows that the hole capture coefficient 
is independent of pressure. It is considered unlikely, 
then, that the electron capture coefficient is strongly 
pressure dependent. It is possible to explain the results 
of Fig. 7 using· a simple model of carrier capture.4 An 
estimate of the capture coefficient can be made by as
suming that the carrier will be captured if the Coulomb 
binding energy is comparable to kT. Then there will 
be some capture "radius" r such that 

e2/ Kr=kT. 

The capture cross section is then 

The capture cross section and the capture coefficient 
are related by the thermal velocity of the carrier, i.e., 
c=u(v), where (v)=(8kT/1rm)112. The above equation 
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may be differentiated and written in the form 

del dP = - [( 87r) 1/2e4 I (k T) 3/2m l /2 K2] 

X {2[K-I(dKldP)]+tCm-l (dmldP)]) . 

The terms in the bracket are of comparable magnitude 
and opposite sign, and the capture coefficient is there
fore approximately independent of pressure. For this 
reason the change in excess carrier lifetime with pres
sure may be attributed almost entirely to a change in 
the energy of the recombination level. 

The analysis of the data for the p-type sample is 
complicated by the fact that a trapping center exists in 
conjunction with a recombination center. This situa
tion results in a loss of information in the low-tempera
ture region about the capture coefficient, and hence a 
determination of the type of centers (donor or accep
tor) is impossible. The recombination level lies 0.13 eV 
from one of the band edges, and approaches that band 
edge as the pressure increases. If the recombination 
level results from a chemical impurity, Table I shows 
that there are three impurities having ionization en
ergies close to 0.13 eV: Au, 0.15 eV; Ag, 0.14 eV; and 
Mn, 0.16 eV. Lacking any more definitive information 
about the parameters of this recombination center, it is 
not constructive to speculate further about its specific 
character. 

The slope of the lifetime-temperature curve in the 
low-temperature region indicates that the trapping 
center is close to one of the band edges, thus con
firming its behavior as a trap. However, no other in
formation is available concerning the nature of the trap. 

VII. SUMMARY 

Measurements of the excess carrier lifetime as a 
function of temperature and pressure have been made 
on n- and p-type germanium. 

The 14-n cm n-type sample contains a donor-type 
recombination level 0.18 eV from the valence band, as 
determined from the temperature variation of the life
time utilizing the Shockley- Read theory. Measure
ment of the pressure dependence of the lifetime up to 
10 000 kg/ cm-2 indicates that this recombination level 

approaches the valence band at the rate of 1.2X 10-6 

eV cm2 kg--!." From the behavior of the lifetime under 
hydrostatic pressure, it was inferred that the level is 
associated with an interstitial impurity. Low-tempera
ture (,-...,2400 K) data indicate that the electron and 
hole capture coefficients are independent of pressure. 

The 5-n cm p-type sample contains a recombination 
level 0.13 eV from one of the band edges, and a trap 
level 0.05 eV from one of the band edges. Pressure 
measurements on the recombination level showed that 
it approaches the nearest band edge at a rate of l.SX 
10-6 eV cm2 kg-I. 

* This work was supported by the Air Force Office of Scientific 
Research, U.S. Air Force, under Grant No. AF-AFOSR-73-66. 
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