
Ε. Μ. Gerehenzon. Spectral and Radiospectroscopic
Studies of Semiconductors at Submillimeter Wavelengths.

1. Introduction. The submillimeter segment of the
electromagnetic wavelength scale (100-1000 μηι), which
is of substantial interest for radioengineering applica-
tions, radioastronomy, and the study of matter, occu-
pies a position intermediate between the longwave in-
frared and radio bands. Until recently (despite the in-
roads made by methods and equipment typically used for
the optical and millimeter bands), the submillimeter
band remained one of the segments for which equipment
was poorly developed. In recent years, however, it has
been yielding rapidly; for example, the development of
monochromatic sources [backward-wave tubes (BWT)]CU

has opened fundamentally new possibilities for spectros-
copy. The methods usually employed here are optical—
the emission of a thermal or gas-discharge source is
used and the spectrum is either resolved with diffraction
gratings (echelettes) or Fourier-transformed. The
spectrometers have relatively low sensitivity and poor
resolution. Submillimeter lasers, which combine mono-
chromatic outputs with adequate power levels, are prac-
tically unturnable and permit measurements only at
fixed frequencies as the magnetic field or other param-
eters are varied, and this limits research possibilities.
BWTs generate radiation at powers of >10"*W and can be
tuned in a broad frequency band by varying the supply
voltage. This has made possible significant progress in
the development of BWT spectral instruments and the in-
vestigation of dielectrics,m gases,CS1 etc.

The present paper is devoted to the results of a study
of semiconductors at submillimeter wavelengths using
high-resolution BWT spectrometers. H~141

We mention first of all some of the aspects from which
submillimeter investigation of semiconductors offers
promise.

a) Several objects in semiconductors have relatively
low binding energies (1-5 meV); therefore their char-
acteristic frequencies fall in the submillimeter band.
We refer here, among others,- to the entire spectrum of
excited states of minor impurities of semiconductors,
the binding energies of many impurity complexes, ex-
citons, the activation energies of electron hopping be-
tween impurities, which results in conductivity, Zeeman
and Stark transitions for excited states of the impurity,
etc. Quantum cyclotron and spin resonances, cyclotron
resonances of electrons localized on impurities, etc.,
occur at these frequencies.

b) In the traditional conception, spectroscopy and ra-
diospectroscopy have different fields of application and
observing frequencies that are quite far apart. In semi-
conductors, because of the high permittivities (*> 10) and
the small effective mass of the carriers (m*<0.1 m0),
these fields of study of the properties of matter at sub-
millimeter wavelengths simply overlap and spectroscop-
ic measurements based on variation of frequency and
radiospectroscopic methods, which generally use fixed
observing frequencies and magnetic modulation methods,
coexist and complement one another. For example,
the excited atomic states, Zeeman effect, and others

that typify spectroscopic studies produce the same ab- .
sorption and conductivity-change effects as the cyclo-
tron and spin resonances usually used in radiospectros-
copy.

Such problems of semiconductors physics as carrier
heating in the electric field, the action of light, the pos-
sibility of emission of high-energy phonons, and sever-
al others reappear in a new light under these conditions.

c) In addition to being of independent interest for
semiconductors, submillimeter experiments with them
are promising as models for the realization of extreme
conditions that have not yet been brought about in the
laboratory. An example is the action of a magnetic
field Η on an impurity atom. Even in Ge and GaAs at
the quite feasible constant H~ 60 kOe, the equivalent
field with respect to the free atom is i/,,« 3 GOe, which
is not now attainable even in a pulsed mode; such ma-
terials as tt-InSb, where the binding energy and effec-
tive mass of the electrons are lowest, may become es-
pecially promising for experiments of this nature. The
problems of investigating the interference of excited
atomic states and the influence of Η, Ε, and other fac-
tors on it, study of negative ions, etc., can be restated.

d) The practical significance of submillimeter studies
of semiconductors can be illustrated even now by such
applications as chemical analysis of impurities in semi-
conductors, determination of various constants for ma-
terials, and the development of new types of pho tores is-
tors.

2. Apparatus and methods. A spectrometer that
covers the range from 2000 to 250 μτα in the spectrum
with several BWT has been developed for the study of
semiconductors^1 (Fig. 1). In semiconductors (as dis-
tinct, for example, from gases1"), the narrowest spec-
tral lines have widths Δ g £ 10"s meV even for isolated
centers because of the presence of phonons even at he-
lium temperatures, so that the generators do not re-
quire special frequency stabilization, and a spectrom-
eter resolution λ/Δλ= 105 is attained by the use of good
power supplies. AFC is used if necessary. Stabiliza-
tion of radiated power in the tuning range of each BWT
is a more difficult matter—the ragged amplitude-fre-
quency characteristic of the BWT is a disadvantage.
The radiated power level incident on the sample has
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FIG. 1. Block diagram of submillimeter spectrometer for
study of semiconductors.
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been smoothed by using an attenuator connected into an
electromechanical negative feedback circuit. Measure-
ments in the spectrometer are based on the photocon-
ductivity of the sample or on the radiation that it ab-
sorbs with the aid of an «-InSb detector placed behind
the sample. The sample holder is placed in a helium
cryostat with a superconductive solenoid (#„„= 60 kOe).
Either the frequency or the magnetic field is scanned.
The high-frequency channel is quasioptical.t l 5 ] Polar-
ization measurements (including circular polarization),
illumination of the samples, application of uniaxial com-
pression Ρ and an electric field Ε to them, variations of
the temperature T, and position adjustments of the
samples are provided for. Photoconductivity measure-
ments are made by the standard modulation procedure
with synchronous detection; small absorption coeffi-
cients (below a~ 10"* cm"1) are measured by double mod-
ulation of the magnetic field with subsequent retrieval of
the shape of the spectrum from the derivative signal by
an integrator; if necessary, both the photoconductivity
and the absorption spectra can be recorded in a single
experiment. The sample can also be placed in an open
cavity; autodyne reception can be used to obtain espe-
cially high sensitivity. a 3 ]

Samples of Ge, Si, GaAs, and w-InSb were used in the
experiments as technologically fully mastered materials
with which various weakly bound states in semiconduc-
tors can be studied.

3. Impurities in Ge and GaAs. l i l By investigating hy-
drogen-like impurities in semiconductors, we can not
only study the impurity atoms, but also obtain valuable
information on the crystal itself.

In contrast to the spectral procedures generally used
in the infrared band, in which the electron transitions
from the ground state of the impurity atom to excited
states are studied, we have usually investigated transi-
tions between excited states. The only exceptions were
the experiments with w-GaAs in a magnetic field, where
transitions from the ground state also fall in the range
of the spectrometer used. In most experiments, the
spectra were registered with the photoconductivity due
to photothermal ionizationt l e ] of excited states.

By way of example, Fig. 2 shows a segment of the
photoconductivity spectrum of Sb in Ge, and Fig. 3 a
diagram of the measured transitions between excited
states for this impurity. Naturally, identification of the

two woo
too'

1.Z 1Λ IS IS lOS,me\

FIG. 2. Segment of photoconductivity spectrum of Ge :Sb at
T = 7"K.
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FIG. 3. Energy diagram of the
spectrum oi Sb in Ge. Left—
calculation1271; center—identi-
fied transitions; right—desig-
nations of levels obtained ex-
perimentally.

transitions becomes more difficult here as compared to
the three series, but the opportunities for measurements
are also greater in the rich spectrum. Their principal
results boil down to the following. We determined the
energy spectra of many excited states for various types
of donors and acceptors in Ge, studied their Zeeman
splitting in a broad range of Η from the hundreds of
oersteds to 60 kOe, the anisotropy of the Zeeman effect,
and the effects of pressure, temperature, illumination,
and electric fields on the population of the states; we in-
vestigated the intensities and widths of the transition
lines and their variations with impurity concentration
and experimental conditions, and studied the interaction
of the states. Several experiments were made not only
in photoconductivity, but also in absorption. Compari-
sons with theory were made where possible. We also
made a detailed study of the submillimeter spectra of
impurities in GaAs and compared the experimental re-
sults with calculation.

As examples that illustrate the possibilities of the "
method, Fig. 4 presents the results of a study of the in-
teraction of impurity states in Ge, while Fig. 5 shows
the energy spectrum of «-GaAs in a magnetic field.
Among other things, we see from the latter figure that
GaAs is an excellent model material for study of atoms
in strong fields.

Several features of the photoconductivity and absorp-
tion spectra due to transitions between excited states

2po~-3i±, ir.
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FIG. 4. Transition energy vs magnetic field for three lines of
the spectrum of Sb in Ge (H II <111» (a), (b) shows an en-
larged portion of the diagram in Fig. (a) and the shape trans-
formation of the spectrum in the level-anti-intersection region.
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FIG. 5. Energy of donor
levels in GaAs vs magnetic
field (plotted points) (the
solid lines represent the
calculation of1281 for the
hydrogen atom).
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were observed, and their variations with the chemical
nature of the impurity were established; in some cases,
significant adjustments were made to literature data and
the ranges of validity of existing calculations were de-
termined, etc.

4. H" centers in Ge and Si.m The problem of nega-
tive ions (for example, ΗΓ) is attracting considerable in-
terest in view of their role in astrophysics, gas-dis-
charge physics, etc. In semiconductors with hydrogen-
like impurities, capture of an extra carrier by a neutral
impurity center may result in formation of so-called
D" (A*) centers—negatively charged donors (positively
charged acceptors), which are analogs of H". They have
a binding energy £,«0.05fQ, where 'ί0 is the ionization
energy of the neutral center, i. e., their concentration
should be quite high at sufficiently low temperatures
{kT< Η j) under the conditions of intrinsic or impurity
excitation of free carriers. Peculiarities of the lumi-
nescence, scattering, and recombination of free carriers
associated with the presence of such centers have been
reported in several papers. We performed direct ex-
periments to determine ft in Ge and Si with various im-
purities (the values of t( range from 1- 3 meV). They
are based on determination of the longwave limit of pho-
toconductivity due to photodetachment of carriers from
H" centers by submillimeter radiation. The first mea-
surements were made with BWTs; later, they were con-
tinued on grating spectrometers. The observed photo-
conductivity was investigated most thoroughly in Si :B,
where there are no other photoconductivity mechanisms
in a broad frequency range near f,. By way of example,
Fig. 6 shows a photoconductivity spectrum of Si: Β at
T= 1. 5°K under monopolar excitation conditions at a
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FIG. 6. Spectrum o£ longwave
edge of photoconductivity due to
photoneutralization of A*-cen-
ters in Si: Β (the scheme of the
energy transitions is indicated).
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FIG. 7. Dependence of
shape of Si: Β conductivity
spectrum on cencentratlon
of Β (cm"8): 1—3· 1014,
2—6· 1014, 3—1.5· 1015,
4—3· 1015, 5—5·101 6,6—8

• 1015, 7—1.2· 1016, 8—3
• 1016, 9—6· 1016, 10—10"
cm"3 at Τ = 1.5 °K (tfA/ND
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Β concentration of ~ 101* cm"3. It was shown that the con-
centration of the A* centers increases exponentially with
decreasing temperature; we studied the increase in the
concentration of these centers with increasing excitation
level, their impact neutralization in an electric field,
the influence of a compensating impurity, and various
other effects. For example, it was established that the
binding energy of the A* centers increases with increas-
ing impurity concentration due to the field effect of the
negatively charged acceptors and hopping of holes over
neutral impurities (Fig. 7). Subsequently, other au-
thors also undertook to study photoconductivity due to
H" c e n t e r s . " 7 · 1 "

5. H| centers. m In lightly doped (Na 3 « 1, where Ν
is the concentration of the donors and a is the Bohr ra-
dius of the electron on the donor) and strongly compen-
sated semiconductors (1 —K« 1, where Κ is the degree
of compensation), the energy of electrons localized on
impurities depends strongly on small-scale (R<N'1/3)
fluctuations of the impurity potential. t l 9 ] The potential
wells formed when two charged donors approach to a dis-
tance smaller than the average: R£Rm(l -K)U3NB1/3

are especially important. At Γ—0, most electrons are
in such wells. The paper1-1*1 considers only pairs with
R~Rm»a.

We assumed that pairs with R Ζ a can be regarded as
analogs of the molecular hydrogen ion H| with charac-
teristic distances R between the nuclei. This assump-
tion was tested on w-InSb with Na3 = 0.05 and 1 - Κ <0.15.
On examination of the absorption spectra, we observed
peaks (Fig. 8) whose energies were comparable with
those in the Hj-center spectrum. Good agreement with
theory was obtained (Fig. 8). Later, the presence of
Hj centers in semiconductors was also demonstrated by
experiments with n-GaAs.C80:i

6. Free excitons in G e . U l Study of excitons at sub-
millimeter wavelengths instead of in the optical band,
which is usually used for this purpose, is of special in-
terest, since transitions of excitons from the ground
state to excited states can be observed directly under
these conditions. In addition to knowledge of the energy
spectra of the free excitons, analysis of these transi-
tions offers new opportunities for investigation of their
interactions with one another, with free carriers, etc.

We made a series of photoconductivity and absorption
studies of free excitons in the range from optical ex-
citation levels so low that the free-exciton concentra-
tion was Ke« 1010 cm"3 (which is inaccessible to other
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FIG. 8. Absorption spectra in «-InSb for three samples with

ND « 1.2 · 1014 cm"3 and various compensations Κ (1—0. 85, 2—

0. 89, 3—0. 94) at T=4.2°K. The energy levels of HJ are

given on the right as they depend on distance between nuclei

(in units of the Bohr radius). The arrows indicate transitions

between HJ levels whose energies are close to the energies of

the observed peaks for samples 1-3.

methods) to 1014 cm"3, at which excitons condense into
electron-hole drops. lZ11 The similar studies ofC2al,
where only absorption was investigated, were carried
out concurrently with ours, and the results of the ex-
periments provide an independent confirmation of our
results.

As an example, Fig. 9a presents absorption spectra
obtained for free excitons; it shows the lines of exciton
transitions from two ground-state levels and the photo-
ionization band. When the temperature is lowered from
4.2 to 2°K, the strength of the first series of lines
( f = 2. 52, 2.86 meV,. . .) relative to the second (r = 3.14.
3.42 meV,.. .) decreases exponentially with an activa-
tion energy Δ κ 0.4 meV. In addition to the exciton pho-
toexcitation lines, the photoconductivity spectrum (Fig.
9b) shows a longwave photoconductivity limit ( Ζ = 3.8
meV). Another photoconduction band shifted by approx-
imately 0.4 meV toward lower energies makes its ap-
pearance at sufficiently high T. The aggregate of these
data yielded the energy spectrum of indirect excitons
in Ge. The binding energy of the exciton, measured
from the longwave limit of nonresonant photoconductivi-
ty, is found to be 3.8 meV; the energy position of the
second series of exciton photoexcitation lines yields the

excited-state energies of this series. The energy gap
Δ between the levels of the exciton ground state accord-
ing to the temperature dependence of absorption-line
strength and spectral measurements gives Δ = 0.4 meV.
However, because of the nonparabolicity of the exciton
band,[ 2 3 ] analysis of the results is difficult: the tem-
perature dependences are measured at relatively high
T= 4. 2 - 2 °K, and the additional band in the photocon-
ductivity spectrum is observed only at high temperature
Γ~4°Κ), when the photoexcitation lines may distort the
form of the nonresonant band.

In addition to these data, we obtained information on
the widths of the exciton lines and their temperature de-
pendence and observed their splitting in a magnetic field
and their behavior in an electric field.

With lowering of the temperature at a sufficiently high
excitation level, a sharp decrease in the strength of the
entire absorption spectrum begins at a certain tempera-
ture. Analysis showed that the effect is determined by
the decrease in the concentration of free excitons in
their interaction due to condensation of excitons to form
electron-hole drops. The temperature curves of exciton
concentration at various excitation levels G are repro-
duced in Fig. 10; the line drawn through the threshold
points separates the region in which the system is sin-
gle-phase (exciton gas) from the region in which drops
and a saturated exciton gas coexist. Also included are
the data obtained on the concentration of the electron-
hole drops. The sensitivity of the method made it pos-
sible to trace the branch of the phase diagram to the
lowest temperatures and excitation levels; for example,
it was shown that the exciton concentration no longer de-
pends on temperature down to 0. 5°K when n,~ 1011 cm"3.
The work function φ of the electron-hole pair from the
condensate to the exciton and the dependence of the drop
radius Λ on Γ and G were calculated from the experi-
mental data, and it was established that the drop con-
centration depends weakly on excitation level and in-
creases sharply with decreasing temperature; other in-
formation was also obtained.

7. Free carriers in Ge. [ 9 ' 1 0 : We illustrate the pos- -
sibilities for submillimeter study of free carriers with
two examples.

a) At helium temperatures, cyclotron resonance (CR)
in the submillimeter band corresponds to the quantizing
magnetic fields H. Under these conditions, we succeed-
ed in observing a new specific quantum effect.[9] It was

18 5, meV
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FIG. 9. Free-exciton absorption spectrum in Ge at concentra-
tion n, =5 · 1011 cm"3 (T = 4.2 °K (1) and 2 °K (2)) (a) and photo-
conductivity spectrum of Ge at ne = 1012 cm"3 (T=2°K) (b).

"e, cm"*

FIG. 10. Temperature depen-
dence of exciton concentration
ne at three excitation levels,
and concentrations of electron-
hole drops Nd for the highest of
them. The solid line represents
the segment of the exciton
phase diagram obtained from
these data.
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FIG. 11. Temperature
curve of CR line width δω
in IB range (428 GHz) and
shape of CR line with IB.
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found that the width of the CR line may be governed not
only by scattering processes, which result in damping
("dissipation") of velocity, as is usually the case, but
also by a shift of the electron energy levels due to their
interaction with the scatterers. This shift always oc-
curs and is the same for all electrons, and this is why
it cannot be observed in the resonant frequency. Under
quantum conditions, however, it may depend on the ki-
netic energy of the electron along H. Then different
electrons will have different—"partial"—resonant fre-
quencies, and the line will acquire an additional broaden-
ing that might be called inhomogeneous broadening (IB).
Such conditions are realized, for example, in scatter-
ing by acoustic phonons, when the average energy of the
phonon with which the phonon interacts is found to be
near kT. Figure 11 illustrates the effect of inhomoge-
neous broadening on the temperature dependences of the
half-width of the CR line in Ge. As the temperature Τ
is lowered, the line narrows to a certain limiting value,
the width in the IB range, and then, beyond the plateau
determined by the IB, it narrows further as Γ is de-
pressed further. Among other things, this experiment
explained the considerable differences between data in
the large body of literature on quantum CR.

Interesting results are also obtained for the quantum
CR in scattering on ionized impurities. l l "

b) Another example is detection of the new resonance
predicted in1243 and due to transitions of electrons in-
teracting elastically with impurities between the Landau
levels of different valleys.C1O] This resonance is pos-
sible in multivalley semiconductors in a quantizing mag-
netic field, when, "simultaneously" with absorption of
a photon, the electron experiences an intervalley tran-
sition as a result of interaction with the impurity. This
resonance, which we have named "intervalley cyclotron-
impurity resonance" (IVCIR) should occur at frequen-
cies ω = [Ζ2 + (1/2)] cOj-[Z, + (l/2)] <au where ω,, α^, lu

and l2 are the cyclotron frequencies and Landau-level"
numbers of the two valleys involved. It is similar in na-
ture to the cyclotron-phonon and intervalley cyclotron-
phonon resonances, l K Z but differs from them in that its
frequency is not governed by the phonon spectrum of the
crystal.

We observed and studied it in Ge: Sb (jvsb less than
1015 cm"3). As an example, Fig. 12 shows a diagram
of some of the possible IVCIR transitions and the photo-
conductivity spectrum with the sought resonance at Hna

= 0. 77HCR. The same peak is also reproduced in Fig.
12 on an enlarged scale.

FIG. 12. Photoconductivity spectrum of Ge: Sb with ND » 3
• 1015 cm"3. The insert shows the electron energy levels in
Ge with Η II <1H>; the observed IVCIR transition (peak A)— 3;
Β are impurity transitions.

The correctness of the identification was confirmed
by study of the anisotropy of the effect, the temperature
dependences of intensity (the intensity of the IVCIR peak
increases with decreasing Τ as compared to the photo-
thermal-ionization lines of the impurities), and the de-
pendence of intensity on NSi (the resonance increases
with increasing NSi and does not appear on pure samples
with N8b~ 1012 cm"3).

8. Certain applications. a u x z l a) One of the high-
priority problems at the present time is to design sen-
sitive and fast-responding radiation detectors for the
submillimeter band. Figure 13 shows characteristics
of Ge (curve 5) and w-InSb (1) photoresistors that have
now been developed for this segment of the spectrum
(to avoid complicating the figure, data on the narrow-
band n-GaAs detector, which operates near 300 Mm,
have been omitted). Also shown are the characteristics
of new photoresistors whose development was made pos-
sible by the submillimeter-photoconductivity effects de-
scribed above.

1) The H" photoresistor.CU1 Since the binding energy
of an electron (hole) on a D* (A*) center is lower than that
at a neutral impurity atom, the longwave photoconduc-
tivity limit due to ionization of these centers (neutraliz-
ation of D"(A*)) is accordingly shifted to longer wave-
lengths as compared to ordinary impurity photoconduc-
tivity. This makes it possible to use photoresistors
based on this principle to cover the entire submillimeter
region of the spectrum, using such well-developed semi-
conductor materials as doped Ge and Si. We have de-
veloped a photoresistor based on Si: Β (its spectral sen-
sitivity characteristic with NB =4.1014 cm"3 and K=0.005
at T= 1.6 °K and Ε = 10 V/cm is represented by curve 2
in Fig. 13); its sensitivity in the 100-500 Mm range is
on a par with that of ordinary impurity photoresistors,
and its spectral range supplements those of known pho-
todetectors. By increasing jVB, we can shift the photo-

FIG. 13. Maximum sensitivi-
ties of known (dashed) and
new (H"(2), impurity (3), and
exciton (4)) submillimeter
photoresistors.
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FIG. 14. Segment of photoconductivity spectrum of Ge doped
with B, Ga and In.

resistor's sensitivity range to shorter wavelengths (see
Fig. 7). A similar photodetector based on Si: Ρ was
proposed independently in t l 8 ] , but its characteristics
are still inferior to those of Si: B.

2) The exciton photoresistor.CU3 Since submillimeter
radiation with photon energies higher than the photo-
ionization energy of the excitons (λ~300 μτη) causes ex-
citons to decay into free electrons and holes, the photo-
conductivity that arises can be used to indicate the
emission. Our maximum-purity Ge (ND + NA 51012 cm"3)
should cover the band from 120 to 300 μπ» (curve 4 in
Fig. 13; while not as sensitive as other photoresistors
at ne~ 1014 cm"3, it has superior response speed (τ~ 10*β

sec).

3. The narrow-band impurity photoresistor.1112 Like
the ground state of an impurity,t i e : l excited states can be
ionized photothermally to create narrow-band submil-
limeter detectors with several photosensitivity bands.
Thus, the wavelengths for donors in Ge are λ = 318, 354,
658 Mm, etc.; Δλ/λ is ~ 0. 3%. Application of a mag-
netic field retunes the detector, but the richness of the
photoconductivity spectrum makes it difficult to use it
as a single-band device. These difficulties can be over-
come in the relatively narrow band from 350 to 400 Mm
(curve 3 in Fig. 13). A sensitivity band ~ 1 Mm wide
can be tuned in this range by varying Η from 0 to 17
kOe.

b) Another important application of submillimeter
spectroscopy was made possible by its appearance on
the scene: chemical analysis of impurities in semicon-
ductors, including maximum-purity Ge.ili} Here the
method is entirely based on the photoelectric spectro-
scopic procedure developed in detail inC2e:l, which uses
the differences in the ground-state ionization energies
of impurities that differ in chemical nature. The
shortwave limit of the BWTs that have been developed
does not permit study of the ground state, but the spec-
trum of the excited states also carries information on
the chemical nature of the impurity. By way of exam-
ple, Fig. 14 shows parts of the spectrum of Ge doped
with B, Ga, and In. Even though the chemical shift of the
excited states is smaller than that of the ground state,
the high resolution of the BWT spectrometer makes up
for this in full; the high sensitivity compensates for the
lower population of the excited states. Thus, for the

segment of the spectrum shown in Fig. 14, the line of
the G*~E* transition (notation of51) corresponds to
t B = 1. 365 meV for Ge: Β and ΐ I n = 1.24 meV for Ge: In.
Therefore the relative chemical shift is ~ 10%; the
chemical shift of the ground state for this case is ~ 15%,
but the widths of the lines corresponding to transitions
between excited states with NA < 10u (less than 0.01
meV) is four times narrower than the ground-state lines
obtained with the best infrared spectrometers. We note
that it is preferable to use the line broadening of the
transitions between excited states to determine concen-
tration as the impurity concentrations increase.

9. Conclusion. The experimental results reported
above testify to the new opportunities that have appeared
with the advent of high-resolution submillimeter spec-
troscopy. Obviously, the subject has not in any way
been exhausted by the problems discussed above. It is
sufficient to mention the prospects for study of narrow-
band and gapless semiconductors. We should also note
the prospects for study of superconductors, since the
energy gaps of all of the presently most interesting
materials correspond to the submillimeter wave band.
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