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Tunable Far-Infrared Source-Detector System Based on

andau-Level Transitions in n-InSb

E. GORNIK, W. MULLER, axp F. KOHL

Abstract—The radiative emission from impact-ionized shallow
donors in n-type InSb provides a tunable far-infrared source, the
properties and applications of which are investigated. To obtain
optimum conditions, the radiation intensity is studied in dependence
of the sample volume and the electric- and magnetic-field intensities.
The source is applied to measure the Zeeman splitting of the shallow
donors in n-InP and n-GaAs,

I. INTRODUCTION

P TO NOW both Fourier-transform spectroscopy
and molecular-gas lasers—having a lot of lines in
the submillimeter wavelength range—have been employed
as sources of far-infrared radiation to study eyclotron
resonance of the free-charge carriers and the Zeeman
splitting of shallow donors in a variety of semiconductors.
While the operation with the big molecular lasers is com-
plicated, the TFourier-transform spectroscopy sources
provide a very low power output and are quite expensive
in operation.

Stillman et al. [1] were the first to consider the ap-
plication of recombination radiation from impact-ionized
shallow donors as a far-infrared source for detector calibra-
tion. In the zero magnetic-field case the strongest in-
tensities measured correspond to electron transitions from
the conduction band and excited donor states to the donor
ground state [27], [3] With increasing magnetic field
the dominant impurity peak splits, according to the
Zeeman effect, into three lines. However, this emission
does not provide a suitable far-infrared source, since the
magnetice-field-dependent frequency shift is nonlinear and
the separation of the individual lines is difficult. On the
other hand, the analysis of the magnetic-field-dependent
radiative emission from impact-ionized shallow donors in
n-type InSb has given evidence of radiative transitions
_between Landau levels {37 in addition to these impurity
transitions.

The energy difference between two Landau levels is
linearly proportional to the applied magnetic field and
thus provides a new tunable far-infrared source, which
can be magnetically tuned from 25 em~! to 160 cm™! with
magnetic fields between 3 kG and 25 kG. According to
cyclotron absorption measurements [4], [5], a narrow
linewidth of the emission line is expected.

The present work was performed to investigate the
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properties and applications of this source. In Section 1T
the emission and detection system is described in detail.
To obtain optimum conditions, the radiation intensity is
studied in Section III in dependence of the sample volume,
the electric-, and the magnetic-field intensities. Finally, in
Section IV the source is applied to measure the Zeeman
splitting of the shallow donors in n-InP and n-GaAs.

II. GENERAL DESCRIPTION OF THE SYSTEM

The major components of the experimental system,
which is shown in Fig. 1, may conveniently be grouped
as follows:

1) two independent magnetic fields bearing the genera-
tion and detector samples, respectively;

2) coupling light pipe;

3) ecryogenic system;

4) electrical power and data-conversion system.

The main advantage of this system lies in the fact that
two superconducting solenoids are positioned in one and
the same helium cryostat. The upper coil (maximum
field of 30 kGG) bears the n-InSb emitter sample, the other
(maximum field of 50 kG) the detector or analyzer sam-
ple. A 40-cm-long brass light pipe (10 mm in diameter)
conducts the light beam to the detector sample; a sample
cone concentrates the radiation. The whole system is
immersed in iquid helium. A top-loading helium eryostat
gives the possibility for easy sample interchange. The
emitter is pulse biased in a duty cvele between % and
1/50 and the bias frequency can be varied between 10 Hz
and 1 kHz.

The detector output is measured either with a lock-in
amplifier or a box-car detector. The power resolution of
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Fig. 1. Schematic diagram of the experimental system.
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Fig. 2. Dependence of the relative photosignal of the n-InSb-

cyclotron resonance detector on the electric field of the emitter
for various emitter magnetic fields (experimental points). The
full curves show the calculated emission rate in dependence of
the electron temperature. The inset shows the electron tempera-
ture on electric-field dependence according to [12].

the system is only limited by amplification noise, since
the system operates under 4.2-IX background conditions.
Besides the possibility for photoconductive measurements,
as demonstrated in Fig. 1, this system is also suited to
perform transmission measurements. In this case, the
detector sample can either be mounted in the same mag-
netic field as the transmitted sample or outside the mag-
netic field.

The n-InSb emitter and detector samples have a net
electron concentration of 4-7 X 10® em—3, and an electron
mobility of 6.4-7.0 X 10> em?/V-s at 77 K. Contacts
of indium plus 3 percent tellurium are alloyed onto the
polished and etched (CP4A) specimen of the typical
dimensions 6 X 4 X 0.2 mm?.

The Zeeman spectroscopy measurements were per-
formed with epitaxially grown n-GaAs and n-InP samples
with a free-carrier concentration and mobility at 77 K
of n =3 X 10% em™3, o = 7.3 X 10* ecm?/V-s and n =
2 X 10% em™3, yu = 4.10* em?/V -5, respectively.

JII. EXPERIMENTAL RESULTS

A. Optimization of the Source

The emitted intensity depends on the occupation num-
ber of the higher Landau levels, the radiative transition

probability, and the volume of the emitter. The tunable
wavelength range and the emission linewidth are deter-
mined by the magnetic-field dependence of the dominant
nonradiative recombination processes. Additionally, the
linewidth is influenced by the nonparabolicity of the
conduction band.

The emitted radiation is measured and analyzed with a
tunable n-InSb-cyclotron resonance detector, which is

used as a far-infrared spectrometer [67]. The measurements |

are made under breakdown conditions, and hence the
population of the higher Landau levels increases with
increasing electric field. The dependence of the emitted
radiation on the electric field for various emitter magnetic
fields is shown in Fig. 2 (experimental points). With
increasing electric field there appears a linear magnetic-
field dependent increase of the detected photosignal,
which shows a saturation tendency at high electric fields;
the saturation shifts to higher clectric fields with in-
creasing magnetic field. The measurements are compared
with calculations of the total emission rate based on an
electron-temperature model with the following assump-
tions: the influence of the impurity states and the non-
parabolicity of the Landau levels are neglected, the
effective mass is taken to be constant, and m* = 0.0139ms,.
Thus we get a total emission rate per volume and second

~
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with v = (fw,)/(ksT.), T. is the electron temperature,
w, is the cyclotron frequency, n is the total free-carrier
concentration, 7 is the refractive index, and [ is the cyclo-
tron-orbit radius. The sum over N takes into account the
contributions of higher Landau levels.

It follows for the total emitted power that

Py = F'Rtot'%wc'v (2)

when F gives the probability of escape for light for a
nondirectional emission and V is the sample volume.
According to the method of “refractive index matching,”
F can be written as [107], [11]

Pe(rsin)
B A'TaV

where A is the emitting surface area, « is the absorption
coefficient, and T’y is the average transmission coefficient

[11]
() [

where 7; is the refractive index of the semiconductor and
72 is that of the ambient.

A comparison of the calculated rate R (in dependence
of the electron temperature) with the experimental values
is shown in Fig. 2. The agreement is quite reasonable in
the electron-temperature range between 20 and 30 K.
Deviations from the theoretical behavior begin to occur
at high electric fields. The electron temperature on elec-
tric-field dependence obtained (as shown in the inset of
Fig. 2) agrees with results by Kobayashi and Otsuka
[12] from cyclotron-absorption measurement.

Additionally, we used a distribution function of hot
electrons in strong magnetic fields computed by Yamada
and Kurosawa [137] to calculate the emission rate. As a
result, the emission rate saturates at electric fields higher
than 10 V/cm, but a too steep increase is predicted for
electric fields between 1 and 5 V/em.

Neglecting self-absorption, one would expect a linear
dependence of the emitted power on the sample volume
at constant input power per volume. To investigate this
important aspect, samples have been prepared with a
constant emitting area of 6 X 4 mm? and the thickness
varying between 0.15 and 2 mm. The intensity could not
be increased by increasing thickness, indicating high
absorption losses. Only a very thin sample (70 um) shows
a slight decrease of emission intensity. From this measure-
ment an absorption coefficient of « ~ 200 cm™! is found
according to (2) and (3).

The extremely high self-absorption and the high refrac-
tive index reduce the total emitted intensity very dras-
tically. For a sample with the dimensions 6 X 4 X 0.2

(3)
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mm?, F has a value of 1072, resulting in a total emitted
power of about 102 W. An increase of intensity can thus
only be performed by increasing the emitting area. There-
fore we intend to increase the emitted intensity by a
sandwich structure consisting of many thin samples.

To determine the magnetic-field dependence of the
intensity and the emission linewidth, we measured the
dependence of the photosignal on various emitter mag-
netic fields for constant emitter current (Fig. 3). For
magnetic fields greater than 10 kG, a double structure
of the emission line appears due to radiative transitions
between Landau levels of both spin configurations. For
the lower temperature only, the impurity ground state
of the detector is populated. The photosignal consists
mainly of the impurity-absorption peak, showing very
clearly the spin-split emission line.

The linewidth observed in Fig. 3 is determined both by
emitter and detector. To find the spectral width of the
emitted radiation, absorption measurements in the same
magnetic-field range by Kaplan et al. [5] are used under
the assumption that the detector linewidth does not
change significantly with the temperature between 4.2
and 2 K. The resulting emission linewidth is somewhat
broader than the absorption linewidth mainly according
to contributions from the higher spin level. At low mag-
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Fig. 3. Magnetic-field dependent photosignal of an n-InSb de-
tector (B;) for various emitter fields (6, 12, and 17 kG) and
temperatures of 2.2 K (dashed curves) and 4.2 K (full curves).
The inset shows an energy-level diagram for an arbitrary mag-
netic field. The observed transitions in emission are indicated by
arrows in downward direction and the absorption transitions by
arrows in upward direction. The emission (E) and absorption
(D) transitions and their respective photoconductive peaks are
indicated.
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netic fields (6-14 kG) the linewidth is determined to be
about 3.5 em™! and for magnetic fields around 20 kG, the
linewidth is about 2.5 em~. For magnetic fields greater
than 25 kG, the photosignal strongly decreases and van-
ishes at 30 kG.

The best operation is therefore performed at rather low
electric fields (only some volts/centimeter) ; in this case
the emission linewidth is not significantly broadened by
contributions from the higher spin state and thus is equal
to the absorption linewidth.

B. Application of the Source

As a first application of the source we measured the
Zeeman splitting of the shallow donors in n-InP and
n-GaAs. Photoconductivity measurements were per-
formed with epitaxially grown samples. Fig. 4 shows the
photoconductive signal in dependence of the wavenumber
of the radiation, which was determined according to the
experimental results of Johnson and Dickey [14], includ-
ing nonparabolicity. The emitter is biased under constant
voltage conditions and therefore the emitter current
decreases with increasing magnetic field according to the
magnetoresistance of the emitter. The response at zero
magnetic field is characterized by a sharp peak for both
materials and a shoulder at lower frequencies. The peaks
split linearly in the magnetic field and can thus be identi-
fied as 1s-2p transitions belonging to m = 41 and m =
—1.

From the observed splitting, we calculate an effective
mass and relative dielectric constant of m* = 0.065m,
and ¢ = 12.5 for n-GaAs, and m* = 0.080m, and ¢ = 11.2
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Fig. 4. Photoconductive signal of an n-InP (full curves) and
n-GaAs (dashed curves) detector versus the wavenumber of the
emitter radiation.
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for n-InP, respectively. For n-InP the eyclotron resonance
also appears in Fig. 4, from which we determine an effec-
tive mass of 0.080mo. The preceding results are in good
agreement with the literature [15]-[17], giving a good
proof for the applicability of the tunable source.

IV. CONCLUSIONS

We Have deseribed a new tunable far-infrared source,
which provides a very easily adjustable operation. Because
of the low power output of about 10-® W and the require-
ment of liquid-helium temperatures, the n-InSb tunable
emitter is best suited if these characteristics do not add
further complications. This source is therefore best suited
to study the magnetic-field dependence of impurity lines
and to determine the effective mass from cyclotron reso-
nance measurements. A problem consists of the separation
of the long wavelength radiation—due to electron transi-
tions from the lowest Landau level and excited donor
states to the ground state—and the magnetically tunable
radiation due to Landau transitions. A separation can
be performed with the help of the fact that the two con-
tributions have a different intensity on current dependence
[97.

Finally, it should be mentioned that the described
system bears the possibility for detector-response time
measurements down to nanoseconds because radiation
pulses with rise times lower than nanoseconds can be
generated.
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Step Tunable Far Infrared Radlatlon by Phase Matched
Mlxmg in Planar-Dielectric Wavegmdes

DAVID E. THOMPSON, sTUDENT MEMBER, IEEE, AND PAUL D. COLEMAN, FELLOW, IEEE

Abstraci—The mixing of variolis pairs of CO, laser lines in a
nonlinear material can produce thousands of step-tunable far infra-
réd (FIR) signals iti the range 70-um-—7-mm wavelength with fre-
quency spacings of less than 0.1 cm~1, The major problem in realizing
these toherent signals is a¢Hieving phase matching in a suitable
nonlinear material. In this paper, the interest is in generating
tunable sigrials at the milliwatt level in a planar-dxelectnc integrated-
optiés waveguide configuration. Phase matthing ¢an be achieved
with cubic materials (i.e., GaAs) by adding the waveguide dispersion
to the bulk dxsperswn Work on the analysis of the waveguide
mixing system and its cortrelation with experimental data are de-
scribed for a planar GaAs dielectric waveguide in the 100=1000-um
wavelength range.

I. INTRODUCTION

VERY scientist and engineer working with coherent
radiation appreciates the utility of a tunable narrow
spectral line source in.evaluating the frequency charac-
teristics of devices and systems, in studying resonances,
in Migh-resolution spectroscopy, s local oscillators in
receivers, etc., in ahy spectral range. This frequency
tunable source problem has been particularly difficult in
the far infrared (FIR) region where coherent signals of
any type only became available [17] in the last ten years.
If one is seeking a tunable source to cover a very broad
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frequency range, of, for example, 100:1, a beat frequency
oscillator would probably be the first choice. The beat
frequency between two coherent sources can in principle
vary from zero to the sum frequency of the two, yielding
an enormous bandwidth. The problem is how to realize
this result in practice [2]-[107.

Fortunately, the readily available CO, laser with its
high power output, its many discrete lines, and high
spectral purity exists as a pump source. The problem then
resolves into finding the appropriate nonlinear material
and achieving phase matching for efficiency.

It is desirable that the material be highly nonlinear
and relatively transparent around 10-pum wavelength and
in the FIR to avoid attenuation of signals. GaAs is an
excellent choice in this respect, but it is a 43-m cubic
material not collinearly phase matchable in the bulk form.
However, keeping in mind the desirability of integrated
optics in the FIR, the GaAs can readily be fabricated into
a planar-dielectric waveguide and the waveguide disper-
sion “added” to the bulk dispersion to schieve phase
matching [117, [127].

This dielectric waveguide mixer scheme also has the
advantage that Gaussian laser beam divergence encoun-
tered in bulk mixing is eliminated, modest power inputs
result in large power densities for efficient interaction, and
the signal is generated in a TE, waveguide mode which
has been studied and applied in many devices.

In this paper, two 1-3-kW 0.3-us-pulsed @-switched CO,
orthogonally polarized lasers, having reflection gratings
in their optical cavities for line selection, are used to



