ternal magnetic fields #,>h, led to the model of oscil-
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tional parameters. In fields larger than the limiting
field h,, there occurs an oscillating motion of the do-
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tic N-shaped variation of the mean velocity of motion of
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els of the motion of domain walls in external magnetic
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magnetic fields. Namely, on passage through critical
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An investigation was made of the dependences of the intensities of photothermal ionization lines of excited
states of shallow impurities in Ge on the intensity of impurity-absorbed background radiation and on
temperature. The results obtained were used to find the density and lifetime of carriers of lower excited
states of the impurity centers. The lifetimes of the excited states of donors in Ge were 107°~10~!! sec and
the lifetime of the lower excited state of acceptors was ~10~7 sec. In the presence of background
radiation the population of the excited states was very different from the equilibrium value and, in
particular, a population inversion of the 2p_, state relative to the 3p, and 3s states was observed.

PACS numbers: 71.55.Dp, 78.50.Ge, 42.50. + q

1. INTRODUCTION

Information on the lifetimes of excited states of im-
purities in semiconductors and on the distribution of
nonequilibrium carriers between such excited states un-
der various conditions is essential for the understanding
of the recombination of fréee carriers at impurity cen-
ters, establishment of an equilibrium between impurity
states and a vacant band in the case of impact ionization
of impurities, optical heating of free carriers, and
other experiments.

The generally accepted classical cascade recombina-
tion model of Lax,! greatly refined and developed by
Abakumov et al.,?*® does not allow for the discrete na-
ture of the energy spectrum of the impurity electrons.
Quantum calculations? show that lower excited states
may play a fairly important role in the process of elec-
tron capture but not all of them are equivalent from the
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point of view of capture: for example, the states with a
finite projection of the orbital momentum can be ignored.
The lifetimes of excited donor states 7 calculated in
these treatments amount to 107!°~ 1078 sec at low tem-
peratures. Recent investigations of oscillations of the
photoconductivity and photo-emf of p-type Ge subjected
to a magnetic field® can be explained assuming anomal-
ously long carrier lifetimes of the first excited acceptor
state (1078-10"7 sec). Even longer lifetimes (exceeding
seconds) of the 2s and split 1s states of donors in Si are
suggested by Lehto and Proctor® to explain the impurity
breakdown kinetics. Such a very great difference be-
tween the values of 7 obtained using the approximate the-
ory and indirect experimental data makes it highly de-
sirable to determine directly the excited-state lifetimes.

The energies of transitions between excited impurity
states correspond to the submillimeter wavelength
range; only recently it has become possible to carry out
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spectroscopic measurements at these frequencies with
the necessary resolution and sensitivity: this can be
done using coherent tunable oscillators in the form of
backward-wave tubes. The use of such devices makes it
feasible to investigate in detail the rich spectrum of ex-
cited states of shallow impurities in germanium’*® and to
begin studies of the populations N of these states and of
the electron lifetimes in these states.®

Our task was to determine the populations N under
equilibrium and nonequilibrium conditions and use the
results to find the values of T of the excited states in
question. This is possible because the distribution of
carriers between excited states under nonequilibrium
conditions, for example, during optical excitation of im-
purities, is very different from the equilibrium distri-
bution and depends on the lifetimes of the states involved.

We studied in detail the lower excited states of donors
and in the case of acceptors only the first excited state,
which was of the greatest interest because of the ex-
pected longest lifetime.> The main results are given for
pure Ge samples when it is possible to ignore the effects
associated with the overlap of the excited-state wave
functions.

2. DETERMINATION OF THE POPULATIONS AND
LIFETIMES OF EXCITED IMPURITY STATES FROM
THE PHOTOCONDUCTIVITY SPECTRUM

Determination of the populations of excited impurity
states is a difficult experimental task because the dens-
ity of carriers in these states is low if the temperature
is low. The most direct method is the study of the ab-
sorption spectrum representing electron transitions be-
tween excited impurity states but in the case of pure Ge
samples the absorption spectra can be determined only
at temperatures 7 > 7-8K (Ref. 10). The sensitivity of
the measurements utilizing the photothermal ionization
of excited impurity states at low temperatures is much
higher than the sensitivity of the absorption measure-
ments. However, the intensities of the individual lines
in the photoconductivity spectrum cannot be used direct-
ly to determine N and 7 although such intensities carry
information on the populations of the excited states.
This is due to the fact that even at sufficiently low tem-
peratures and in the case of weak photoexcitation of im-
purities a photothermal ionization signal of the excited
states AU depends not only on the population of the ini-
tial state of a given transition N,, but also on such fac-
tors as the density » and lifetime 7, of free carriers in
a band, and the probability W of ionization of the final
state of a transition:?

AU=UAo/c=UPt.N.WS,/hvnS, (1)

where U is a static bias; #v and P are the photon energy
and power of high-frequency radiation; S, is the absorp-
tion cross section of a given transition; S is the area of
the illuminated surface of the sample; o and Ao are the
dc conductivity and its change due to the absorption of
submillimeter radiation.

However, reliable identification of a large number of
lines in the spectra representing electron transitions be-
tween excited states simplifies the problem somewhat.
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Information on N and 7 was deduced by us from submil-
limeter photoconductivity spectra determined as a func-
tion of the intensity I of background impurity-absorbed
radiation at constant temperature and from the tempera-
ture dependences obtained for a constant intensity of
such radiation.

In the former case the dependence N(I) can easily be
deduced from the experimental values of o(I)aU(/) [see
Eq. (1)], because the probability of ionization W is inde-
pendent of 7. This is explained by the fact that W is gov-
erned by the thermal process of cascade transitions of
electrons between excited impurity states followed by
their arrival in a vacant band and accompanied by the ab-
sorption or emission of acoustic phonons.'* If I is low,
the electron density in the excited states remains in
equilibrium and the product o(/)AU(I) is independent of I.
Therefore, for low values of I we can link the experi-
mental values of cAU to the thermal-equilibrium densi-
ties N, of electrons in the appropriate excited states and
to find the absolute values of N throughout the full range
of the background (impurity-absorbed) radiation intens-
ity. The equilibrium values N, can be calculated from*

Nyi=(Ni=No—n) i exp [ (ei—e0) [kT /3l 143 exp (—Aeo/kT)], (2)

where B, and 8; are the multiplicities of the degeneracy
of the ground and ith levels; €, and €, are their binding
energies; Ag, is the splitting energy of the ground
state.

Additional information on N can be obtained from the
temperature dependences of the photoconductivity signal
obtained keeping the background illumination intensity
constant. However, in this case it is not possible to de-
termine N from the temperature dependence of the inten-
sity of a single photoconductivity line because other
quantities in Eq. (1), such as 7, n, and W, also depend
onT.

This difficulty can be overcome as follows. The tem-
perature dependences are obtained for the intensities of
pairs of lines which have common final but different ini-
tial states. Then, in the temperature range where the
width of each line (and, consequently, S)\) is independent
of T, the ratio of the intensities of such lines is propor-
tional to the ratio of the densities in the initial states of
the transitions involved and is independent of the proba-
bility of ionization of the final state or of the lifetime and
density of free carriers [see Eq. (1)]. Under equilibri-
um conditions the ratio of the intensities is an exponenti-
al function of temperature:

AUJAU: =N/ Nea=11 exp (e,—e2) /KT /B ®)
whereas under nonequilibrium conditions the dependence
is more complex:

AUJAUz N,/ N, = (Noy+Np1) | (Neat- Ny )

where N,, is the nonequilibrium part of the electron den-
sity in an excited state, which depends on the intensity
of the background radiation.

Having linked the experimental results for the ratio of
the intensities of the photoconductivity lines at high tem-
peratures to the equilibrium theoretical values of Nj,/
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Np,, we can then obtain the temperature dependence of
N,/N, throughout the investigated range.

It follows that measurements of the intensities of vari-
ous lines as a function of temperature and of the intens-
ity of background radiation can give information on the
distribution of carriers between excited states under
equilibrium and nonequilibrium conditions.

The knowledge of nonequilibrium populations of the ex-
cited states in the presence of background (impurity-
absorbed) radiation can then be used to determine the
electron lifetimes in the lower excited states. In fact,
an analysis of the calculations®* made allowing for the
energy spectrum of the excited states of shallow impur-
ities in Ge shows that, firstly, at low temperatures
T (~4.2 °K) the capture of electrons from a vacant band
involves mainly higher excited states, and, secondly,
the probability of a transition between the two closest
low excited states accompanied by phonon emission is
much higher than the probability of other transitions.
Therefore, the recombination flux via the lower states is
constant and equal to the rate of generation of carriers
to the band® G =n/T,_.. Then, the nonequilibrium part of
the population of an excited state is defined by N,, =GT,
=n7,/T,. If the values of n, 7,, andN,,are known, we can
determine the lifetimes in the low states in question.

If part of the recombination flux follows a closed path
bypassing a given excited state, the true values of the
electron lifetime in bound states are found to be higher
than those obtained as described above.

3. EXPERIMENTAL METHOD

Our experiments were carried out in the submilli-
meter wavelength (A =0.3—-2 mm) using a spectrometer
with a backward-wave tube.” The photoconductivity spec-
tra were determined as a function of temperature
(T=3-12K) and the intensity I of background radiation
in the impurity-absorption region. This background was
provided by the warm (7 =300K) part of the cryostat.

In measurements of the line intensities AU the submilli-
meter and background radiations reached a sample along
two different metal waveguides (Fig, 1). The intensity
of the background radiation reaching a sample 1 was
varied in a waveguide 2 within a range of 4-5 orders of
magnitude; this was done by varying the aperture in a

FIG. 1. Schematic diagram of the cryostat used to investigate
the dependences of the intensities of the photoconductivity lines
of Ge on temperature and background radiation intensity.
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cold stop 3 movable in the conical part of the waveguide.
In a second waveguide 4, which brought submillimeter
radiation to the sample, the background radiation was
almost completely suppressed by cold filters 5 (fused
quartz and salt filters).

When measurements were made at a fixed submilli-
meter frequency corresponding to, for example, the
line maximum, the dependences AU(T,I) were not dis-
torted by interference in the waveguides and in the cham-
ber containing the sample because variation of tempera-
ture or background radiation intensity had practically no
effect on the optical characteristics of the channel. The
situation changed when a spectrum was recorded by
scanning the submillimeter radiation frequency. In this
case the high coherence of the radiation from the back-
ward-wave tube could give rise to interference maxima
and minima in the spectrum. These stray effects were
suppressed by bringing submillimeter and background
radiation along quasioptic waveguides with absorbing
walls and by automatic stabilization of the submillimeter
power within the range of variation of the frequency of
this radiation.” The intensity of background radiation
was then controlled only by filters.

Under experimental conditions the resistance of a
sample varied from 10° to 10° Q depending on the back-
ground radiation. Therefore, the errors in the deter-
mination of the dependences of the line intensities on T
and I were avoided by measuring the ratio of the photo-
conductivity signals AU,/AU, for line pairs. Both sig-
nals (AU,, AU,) were determined for each value of T or I,
this required simultaneous use of two submillimeter
spectrometers in the same experiment. Radiation from
two backward-wave tubes was supplied to a given sample
and the frequency of each of these tubes corresponded to
a selected line of a given pair. In the course of measure-
ment of the intensity of one line the radiation from the
second backward-wave tube was suppressed.

The lifetime of free carriers was determined by mea-
suring the dependences of the intensities of some of the
photoconductivity lines on the frequency of amplitude
modulation of the submillimeter radiation. Modulation at
frequencies up to 10 MHz was produced by altering the
voltage supplied to a backward-wave tube. A special
adjustment of the position of the tube in a magnet made
it possible to change from a continuous amplitude-fre-
quency characteristic to narrow emission bands of width
much less than the widths of the investigated lines.
Then, variation of the anode voltage within one emission
band produced sufficiently deep amplitude modulation.

In these frequency measurements a sample was shunted
by a resistance of 100 Q so as to avoid distortions of the
dependence of the photoconductivity signal on the modu-
lation frequency associated with the capacitance (~50 pF)
of the measuring circuit.

These measurements were carried out on samples of
Ge: Sb and Ge: B with total impurity concentrations in
the range 102-10' ¢m™® and with compensations of 5-
20%. The samples were dumbbells, so that they could
be used directly to determine the density of free car-
riers under various conditions from low-temperature
measurements of the Hall effect.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

1. Antimony-doped Ge exhibited more than 20 various
submillimeter lines due to electron transitions between
excited states.” The richness of this spectrum and its
reliable identification made it possible to select suitable
pairs of lines with identical or close final states, which
were then used in determination of the temperature de-
pendences. Table I gives the energies of the transitions
in the photoconductivity spectrum of Ge: Sb that were
used in our investigation.

Figure 2 shows, by way of example, a part of the pho-
toconductivity spectrum of Ge: Sb for two intensities of
background radiation: I, corresponds to a practically
equilibrium population of the initial states of the investi-
gated transitions and J, corresponds to a strongly non-
equilibrium population (I, < I,). We can see that the ra-
tio of the line intensities in the spectra is quite different:
in the nonequilibrium situation (I,) the lines with the ini-
tial state 2p,, (2p,, = 3d;,, 2p,, —4d,) predominate.

2. Figure 3 shows, for the same values of I, the tem-
perature dependences of the intensity ratio AU,/AU, for
two pairs of lines (3p, ~3d,,, 2p, ~3d,,) and (2p,, - 3d,,,
2p, = 5d,,), which have different initial states but identi-
cal or close (on the energy scale) final states. Since the
widths of both lines in each pair depend weakly and prac-
tically identically on T in the investigated temperature
range, it follows (see Sec. 2) that for the first pair of
transitions the ratio of the photoconductivity signals is
proportional to the ratio of the populations of the initial
states of the transitions N(3p,)/N(2p,). For the second
pair of transitions, we have

AU JAU:~N (2p.,) W (3d.2) [N (2py) - W (3d.,).

Since the energies of the final states 3d,, and 5d,, are
lowand very close, we may assume that W(34,,)= W(5d,,)
~1. This is confirmed by the temperature dependences
of the ionization probability W of these excited states.'®
The probabilities W were investigated by selecting pairs
of transitions with the same initial but different final
states, so that the ratio of the line intensities was pro-
portional to the ratio of the probabilities of ionization of
the final states [see Eq. (1)]. Measurements were made

TABLE I. Energies of spectral lines and of
levels participating in transitions in Ge:Sb

N e, meV e, — ¢, meV | Transition assignment
1 0.71 1.73-1.02 2p 4y — 4do
2 0.74 1.48-0.74 3do — 4p 4y
3 0.82 1.67-0.85 4po— 4d
4 0.90 1,48-0,58 3do — 4f 4y
5 1.04 1.73-0.69 2pyy —3dy,
6 1.11 2.14-1,03 3s—3pyy
7 1.16 4.75-3.60 2po —2s
8 1.23 1.73-0.50 2p4y — 5do
9 131 2.56—1.25 3po— 3d 4y

10 1.40 2.14-0.74 3s—4pyy

1 1.57 2.14-0,58 3s - 4f 4y

12 1.87 3.60-1.73 2s —2pyy

13 2.57 3.60-1.03 25 —>3pyy

14 2.86 3.60-0.74 2s —4pyy

15 3,02 3.60-0.58 25 — 4f 44

16 3.50 4.75-1.25 2po—3d 4

17 3,90 4.75-0.85 2po— 4d 4y

18 412 4,75-0.63 2po — 5d 1y

19 424 4.75-0,51 2po — 5g44
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FIG. 2. Part of the photoconductivity spectrum of n-type
GeN,=2.5x10" cm™3, N,=1.7x10'2 cm"3) recorded at two
background illumination intensities (I; «<I,) at T=4.2°K. The
numbers above the lines identify the numbers of transitions in
Table 1.

of the temperature dependences of the ratios of the in-
tensities of three lines with a common initial state 2p,,
(2p,, ~4d,, 2p,,~3d,,, 2ps, —~5d,) and two lines with a
common initial state 2p, (2p, = 5d,,, 2p, ~5g:,). These
measurements showed that the ratio of the ionization
probabilities of the final states of these transitions was
independent of T within the range 3-10K.

An analysis of the data in Fig. 3 shows that in the case
of a low background radiation intensity 7, the dependences
of AU,/AU, on 1/T are exponential throughout the inves-
tigated temperature range, whereas for a high intensity
I,, they are exponential only at high values of T. The
argument of the exponential function agrees. to within
5%, with the difference between the energies of the ini-
tial states Ag, , of the investigated line pairs (Table II).
This is evidence of an equilibrium distribution of elec-
trons between the excited states in the case of low back-
ground illumination intensities and high temperatures.
Similar results follow also from measurements of the
absorption spectra reported in Ref. 10. In this case the
temperature dependences of the absorption coefficient
were determined for several lines in the spectrum. All
the dependences were found to be exponential and the
argument of the exponential function corresponded to the
energy gap between the initial and final states of the
transitions.

40, /au, N /N,
10+ z ’ "1/737
/
a4 104
0z oz
al 107
004 -0.04
00z do.0z
a0 Ha01
1 1 1 l
a1 015 0z 025 1t,°K™!

FIG. 3. Temperature dependences of the intensity ratios of two
pairs of photoconductivity lines plotted for different background
radiation intensities: AU (3py— 3d,;)/AU (2py— 3d,,) for I, (a)
and Iz (A); AU(2P*‘ —°3d*2)/AU(2p0 b 5d*1) for 11 (.) and 12 (O).
The sample is the same as in Fig. 2.
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TABLE II. Difference between energies of
initial states of transitions calculated from
Table I (A£{/5) and from temperature depen-
dences of line intensities (A£] ;)

Lino peirs gty M
3po—3d s 2po—3dy, 2.2 249
2pyy—3de, 2P0 — Sdy, 29 3.02
4po—sdd g, 2po— hd gy 3.0 3,08
8do— 4Py, 25— 4Py 24 242
3s—4py, 25— 4pyy 14 1.46

At high background illumination intensities (Fig. 3) the
ratio of the photocondictivity signals in both pairs of
lines passes through a minimum as a result of cooling
and, beginning from a certain temperature, it tends to a
constant value. In the range T =6.3-4.5K the tempera-
ture dependence of AU(2p,, =3d,,)/AU(2p, =5d,,) is again
exponential but the argument of the exponential function
is now equal to the difference between the energies of the
2p, and ground states. For the second line pair the mini-
mum shifts toward lower temperatures and, therefore,
the temperature dependence of AU(3p, ~3d,,)/AU(2p,

- 3d,,) in the range 5.5-4.2K is nonexponential.

The existence of a minimum in the temperature depen-
dences of the ratio AU,/AU, shows that the populations
of the states 2p,, and 3p, become nonequilibrium, begin-
ning from T =7 and 6K, respectively. The rise of the
ratio AU,/AU, as a result of lowering of T and the ex-
ponential nature of the dependence AU,/AU, on 1/T for
the first line pair show that the population of the state
2p, remains in equilibrium to much lower temperatures
than 2p,, and 3p,. The region of the plateau in the de-
pendence of AU,/AU, on 1/T for both line pairs begins at
the same temperature of =~3.8°K. Below this temperature
the populations of all the initial states of the investigated
transitions are governed entirely by the background il-
lumination.

The equilibrium nature of the electron distribution be-
tween the excited states at high temperatures allows us
to link the experimental values of AU,/AU, to the equi-
librium values of N(2p,,)/N(2p,) and N(3p,)/N(2p,) for
the line pairs in question. We must bear in mind that in
the limit T—<, we have N(3p,)/N(2p,) ~1 and N(2p,,)/
N(2p,) =2, because the multiplicity of degeneracy of the
level 2p,, is twice as high as the multiplicity of degener-
acy of the levels 2p, and 3p,. The scale of relative den-
sities obtained in this way is shown on the right of Fig.
3. We can see that in the limit of low temperatures,
when the populations of the initial states 2p,,, 3p,, and
2p, are not in equilibrium, we have N(3p,)/N(2p,)=0.16
and N(2p,,)/N(2p,) =0.1.

It is interesting to note that the ionization energy of
the 2p,, state is less than that of the 3p, state and that
under equilibrium conditions we have N(2p,,)/N(3p,)
=0.2 at 7=4.2°K. Under nonequilibrium conditions, we
find that N(2p,,)/N(3p,)=4.2, i.e., a population inversion
of the 2p,, state relative to the lower state 3p, (and also
relative to the 3s state) is observed.

The exponential temperature dependence of the ratio
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AUQ2p,, = 3d,,)/AU(2p, ~ 5d,,) observed at low tempera-
tures makes it possible to determine not only the rela-
tive values of the nonequilibrium densities of electrons
in the initial states of the investigated transitions but al-
so the absolute values of these densities throughout the
investigated temperature range; this information is ob-
tained by calculating the equilibrium population of the
level 2p, in the temperature range 6—4.8K and applying
Egs. (2) and (4). The nonequilibrium values N(2; ,,) and
N(3p,) obtained in this way are found to be independent
of temperature right up to T=7K, which is evidence of
the constancy of the lifetime of electrons in the 2p,, and
3p, states at these temperatures.

3. Information on the nonequilibrium distributions of
carriers between the excited states deduced from the
temperature dependences is fully supported by studies
of the dependences of the intensities of the same lines on
the background radiation intensity at a constant tempera-
ture. Figure 4 shows the dependences of the intensity
ratios of two line pairs

AU (2p2y>3d.) /AU (3pi—3d.t) ~N (2p-) IN (3ps)
AU (2p2i—3d.2) AU (2pe—3d) ~N (2p..) [N (2ps)

on the dc conductivity o, which—at 7'=4.2K and for the
background radiation intensities employed—is propor-
tional to the generation-recombination flux G and, con-
sequently, to the background radiation intensity I.

We can see that when the background radiation intensity
is low, the ratio AU,/AU, for both line pairs depends
weakly on this intensity. Under these conditions the pop-
ulations of the states 2p,, 3p,, and 2p,, are close to equ-
ilibrium, which follows also from the temperature de-
pendences for 1=/, plotted in Fig. 3. Therefore, the ex-
perimental values of AU,/AU, can be linked to the cal-
culated, from Eq. (3), values of N,/N, at a given temper-
ature (the scale on the right in Fig. 4). When the back-
ground radiation intensity is higher, the value of N,/N,
rises for both line pairs and we have N(2p,,)/N(2p,)~G
in a certain range of the generation-recombination flux.
Clearly, the carrier density in the 2p, state does not
change, whereas in the 2p,, state it rises proportionally
to the flux. Finally, beginning from some value of G,
N,/N, ceases to vary. In this range the populations of all
the initial states of the investigated line pairs are com-
pletely nonequilibrium and proportional to G. The ex-
perimental values of the ratio N,/N, in the region of the
plateau are N(2p,,)/N(2p,) =0.68 and N(2p,,)/N(3p,) =3.8,
in good agreement with the values obtained above from
the temperature dependences.

Information deduced from Fig. 4 can be used to find
the dependence of the populations of the excited states on
the generation-recombination flux (Fig. 5). It is clear
that the populations of the 2p,, 3p,, and 2p,, states de-
pend in different ways on G. For example, the popula-
tion of the 2p, state is in equilibrium right up to G ~10*®
cm™3.sec”! and the populations of the 2p,, and 3p,
states is governed by the background radiation intensity
for G >10' and 10'® cm™3 -sec™!, respectively.

4. The known excited-state populations under nonequi-
librium conditions can now: be used to estimate the car-
rier lifetime 7 in these excited states. The value of the
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FIG. 4. Dependences of the intensity ratios of two pairs of
photoconductivity lines on the generation-recombination flux at
T=4.2°K: AU@2p, —3d,0)/AU@Bpy—3d,y) ©); AUE@p,y— 3d,5)/
AU(2po—3d,;) (). The same sample as in Fig. 2.

free-carrier density » corresponding to a given back-
ground radiation intensity is required in these calcula-
tions (Sec. 2); it can be obtained from the Hall effect,
whereas the lifetime can be found from the dependence
of the photoconductivity signal AU of any one of the in-
vestigated lines on the frequency £ of amplitude modu-
lation of the submillimeter radiation. The values of
AU(Q) obtained in this way fit well the dependence

AU(Q) =AU (0) (1+Q%1,%)".
It follows that the photoconductivity kinetics is described
by a specific relaxation time 7,. This relaxation time is
the same for all the lines in the spectrum, i.e., the de-
tails of the ionization process are not manifested in
these experiments, and 7, is governed only by the pro-
cess of free-carrier capture. However, additional mea-
surements (which are outside the scope of the present
paper and will be published later) showed that 7 is not
always identical with 7. If the impurity concentration is
high and temperature is low, 7, may be considerably
greater than 7,. However, 7, and 7, are related so that
we can use the measured values of 7, to find 7. For
example, for the sample whose characteristics are plot-
ted in Figs. 2-5, we have 7,=2.3%10"7 sec and 7,=5
x1078 sec.

Measurements of 7, and » make it possible to deter-
mine the absolute values of the generation-recombination
flux G (lower scale in Figs. 4 and 5). We can then calcu-
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FIG. 5. Dependences of gAU on G at T=4.2°K for the following
transitions: 2pg—3d,; (A), 3po—3d,y (@), and 2p,; —3d,; ©).
The same sample as in Fig. 2.
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late the excited-state lifetimes from Fig. 5. For exam-
ple, for G=10" cm™ -sec™, when the levels 2p,, 3p,,
and 2p,, have nonequilibrium populations, the free-car-
rier density is 5x10° cm™3, and the densities and life-
times of electrons in these states are, respectively, 6
%107, 107, and 4X107 cm™® and 6X107%°, 1071°  and 4
x1071° gec,

5. A similar procedure was used to determine the val-
ues of N and 7 for all the lower excited states of donors.
Measurements were made of the temperature depen-
dences of the ratio of the intensities of the following line
pairs: 4p,—4d,, and 2p,~4d,,; 3dy—~4p,., and 25-4p,,;
3s-3p,, and 2s-=3p,,. At low background radiation in-
tensities the dependences of AU,/AU, on 1/T were ex-
ponential for all line pairs and the argument of the ex-
ponential function was equal to the difference between the
energies of the initial states of the selected pair of tran-
sitions Ae{,. Table II gives the values of Ag; , ob-
tained in this way and the values of Ag/’ , calculated
from Table I. The agreement between these two sets of
values (within the limits of the experimental error)
shows that in the case of weak background illumination
all the low excited states of donors in Ge have equilibri-
um populations.

Measurements of the dependences of AU,/AU, on the
background radiation intensity were carried out for
other pairs of lines starting from transitions involving
the same low excited states: 3p,=3d,, and 2s—=2p,,;
3s=~3p,, and 3p, = 3d,,; 3d,~4p., and 2s—~4p,,; 4p,
—~4d,, and 2p,, - 3d,,. Fundamental difficulties limiting
the experimental possibilities were encountered in the
course of these measurements. An increase in the back-
ground illumination intensity in a situation when the pop-
ulations of the initial states were still in equilibrium re-
duced the line intensities (Fig. 2), which was simply due
to an increase in the conductivity of the sample. The
weakest lines were then no longer visible against the
nonresonant photoconductivity. Therefore, the measure-
ments carried out on the 4p, and 3d, states could be used
only to estimate the upper limits of the values of 7.

Some difficulties were also found when 7 was deter-
mined for the 2s state using the 2s-2p,, transition.
Since the lifetime of the 2p,, state was long, the carrier
densities in the 2p,, and 2s states were similar at high
illumination intensities and the value of AU(2s=~2p,,)
was proportional not to N(2s) but to N(2s) -3N(2p,,) (the
factor  appeared because of the different multiplicities
of degeneracy of the 2s and 2p,, states). The value of
7(2s) was found by determining the dependence of
AU(3p, = 3d,;)/0U@2s—~2p,,) on G. At low background
illumination intensities the ratio AU,/AU, was linked to
the calculated equilibrium value of N(3p,)/N(2s). Then,
under nonequilibrium conditions the limiting value of
N(3p,)/[N(2s)-3N(2p,,)] was 1.25. Since under the
same conditions we found that N(2p,,)/N(3p,) =3.6 (Fig.
4), we concluded that N(2s)/N(2p,,)=0.72 and 7(2s) =3.2
X10°1° sec.

Table III gives the ratios of the carrier densities in the
initial states of the investigated transition pairs under
equilibrium and strongly nonequilibrium conditions. The
values of T of all the investigated states of Sb donors in
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TABLE III. Ratio of electron densities in ini-
tial states of transitions under equilibrium
and nonequilibrium conditions (T =4.2°K)

N\/N,
Transition pairs -equilibrium | nonequilibrium
conditions conditions

2pyq—3dys, 2po—3dyy 5-10—% 0.7
2p 4 —3d gy, 3po— 3dyy 0.2 36
38— 3Pj:l’ 3po— 3d:t1 0.31 0.6
3po—3dy,, 25— 2pyy 5.6-10-2 0.3
Ge are as follows:

states: 2po 2s 3po 3s 2Py 4po 3d,

71019, sec: 6 3.2 1 0.8 4 <04 <04

For the first excited state (8-01) of the B acceptor we
have T =6X1078 sec. We can see that the lifetime of the
2p,, state exceeds 7 of not only the higher 4p, and 34,
states but also of the lower 3p, and 3s states. This is
clearly due to the fact that the 2p,, state is the lowest
on the energy scale among the levels with a finite pro-
jection of the momentum and a phonon transition from
this level to lower ones is difficult.

The long lifetime in the 2p,, state explains why the
dominant lines in the spectrum of Fig. 2 are 2p,, ~4d,,
2p,, =3d,,, and 2p,, - 5d,. Under nonequilibrium condi-
tions the initial state of these transitions is more highly
populated than the states 3p,, 3s, 3d,, and 4p, which are
the initial states for other lines in this part of the spec-
trum.

6. All the experimental results and their analysis have
been made so far for a typical fairly pure sample of n-
type Ge. We shall now consider the results of measure-
ments of the dependences of the intensities of the submil-
limeter photoconductivity lines on the intensity of the
background illumination for a batch of samples of n-type
Ge with different donor concentrations (N, =10 - 2x10%
cm™) and different degrees of compensation (N,/N,
=0,05-0.3). We shall also consider the features typical
of p-type Ge.

The dependences AU(I) for each line in the spectrum
are found to be identical for all the samples under the
same illumination conditions. This shows that the elec-
tron lifetime in the investigated excited states is inde-
pendent of the impurity concentration right up to N,~10'
cm™3,

The accumulated information on the values of N and T
for the donor states can now be used to determine the
lifetime of holes in the first excited acceptor state with-
out carrying out all the measurements of the carrier
density in various excited states and also of the density
and lifetime of free carriers. The lifetime of the first
excited acceptor state was determined by comparing the
dependences of the intensities of the lines at 2.44 meV
(8- 01-~17- 0 transition)® of the acceptor B in Ge and of
the 1,04 MeV line (2p,, ~3d,,) of the Sb donor in Ge on
the intensity of the background illumination in the case
of the same illumination of both samples at 7=4.2%K. In
this case the ratio of the generation-recombination
fluxes in the samples was equal to the ratio of the con-
centrations of the neutral centers because the cross sec-
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tions for the absorption of the background radiation by B
and Sb were practically the same. Hence, Wwe concluded
that the ratio of the carrier densities under nonequilibri-
um conditions at the 8-01 level (in p-type Ge) and at the
2p,, level (in n-type Ge) was N(8 - 01)/N(2p,,)

=(N,~ N)7(8-01)/(N;-N!)-7(2p,,). Experiments indi-
cated that the ratio of the intensities of the 2.44 and 1.04
meV lines was practically independent of the background
illumination intensity, although for each of these lines
the dependence AU(G) was the same as in Fig. 5. There-
fore, when I was varied, the density ratio N(8 - 01)/
N(2p,,) remained the same under equilibrium conditions
and could be calculated from Eq. (2):

T(8—01)/7(2p+1) = (B1Boa/B2Bos) (113 exp Aeo/kT ) exp(e,—eo)/ (e2—&0)

and, consequently, 7(8 - 01)=6x10"% sec. Thus, the
lifetime in the first excited acceptor state was found to
be two orders of magnitude higher than in the first ex-
cited donor state. This was in agreement with the esti-
mates in Ref. 13.

The dependence of the lifetime on the concentration of
the main impurity was determined for the first excited
acceptor state in the same way as for the donor and this
was done in the range N,=10' —5X10'* cm™® and N,/N,
<0.05. It was found that in the case of the acceptors the
value of 7 once again was independent of the impurity
concentration. The high value of 7 of the first excited
acceptor state made it desirable to investigate also p-
type Ge with higher values of N, but it was found that a
strong broadening suppressed the investigated line as
soon as N,~5X10'® cm™® was reached.

7. We shall now compare the lifetimes of the excited
donor states with the values of 1/Aw (Aw is the line half-
width and w is the frequency) for the photothermal ioniz-
ation lines of the excited donor states in pure Ge sam-
ples.” Such a comparison is justified since one of the
mechanisms broadening the impurity line is the interac-
tion between bound electrons and phonons that deter-
mines, in particular, the electron lifetime in the initial
and final states of each transition. In the case of pure
Ge samples this mechanism is clearly predominant. The
line width is then governed by the shorter of the life-
times, i.e., usually by the lifetime of the final state of
the transition. The widths of the various lines in the
spectra of such samples are 1/Aw=(2.6 - 0.6) X107 sec
at low temperatures, i.e., they are quite close to our
lifetimes 7 of the high excited states.

5. CONCLUSIONS

One should note a number of new facts which have to be
allowed for in discussing various low-temperature phen-
omena in semiconductors.

The populations of the excited states of shallow im-
purities in Ge at T <5 differs considerably from equi-
librium even when the intensity of the background radia-
tion is low (such radiation is usually present in various
experiments at helium temperatures). For example,
under equilibrium conditions the carrier density in the
first excited donor state in Ge is 3-4 orders of magni-
tude greater than the population of the higher states,
whereas in the presence of the background radiation the
populations are almost equal and the 2p,, state exhibits
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a population inversion relative to the 3p, and 3s states.

In the case of doped Ge samples with the concentration
of the capture centers 210 cm™2 the free-carrier life-
times are comparable with the lifetimes of the lower ex-
cited donor states (~107° sec). In the case of the accep-
tors the lifetime of the first excited state (~10~7 sec) is
considerably greater than 7,. Therefore, in the case of
photoexcitation the population of the excited states be-
comes considerable compared with the free-carrier den-
sity. Clearly, this should be allowed for specially in the
theory of carrier recombination at Coulomb impurity
centers in semiconductors because usually the distribu-
tion function of nonequilibrium carriers in the range of
negative energies obeying |&|>kT is assumed to be
zero. The same problem arises in a discussion of the
dependence of the free-carrier lifetime on the electric
field under impurity breakdown conditions because the
relatively long lifetimes of the excited impurity states
are responsible for their strongly nonequilibrium popu-
lations under these conditions too.

DLow temperatures and weak photoexcitation conditions allow
us to ignore the population of the final state N, and the proba-
ility of ionization of the initial state W;. In the more general
case, N; in Eq. (1) should be replaced with (N;—N) and W
should be changed to (W—W,;). In particular, such a substitu-
"tion should be made in Sec. 4.5.

ADirect carrier release from the ground to excited states of
impurities by room-temperature background radiation is
slight. This is due to a reduction in the background radiation
intensity at longer wavelengths and also due to the width of
the photoionization band (~5 MeV) being much greater than the
width of the lines of the transitions in the investigated sam-
ples (0.1-0.2 MeV). Therefore, although the absorption cross
section for the 1s —2p ,, transition (the most interesting in
the spectrum) is several times greater than the photoioniza-
tion cross section, even in this case the direct release of
‘carriers is less than the overall release to a vacant band.
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91n Ref. 9 we published the preliminary results and identified
7, with 7., as is usually done. Therefore, the absolute values
of 7 were somewhat overestimated.
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