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ARTICLE INFO ABSTRACT

Keywords: Highly compensated germanium crystals doped closely to the partial Mott transitions of donors and acceptors
Compensation have been produced and investigated by conventional analytics to determine concentration of electrically and
Germanium

optically active charge centers at various temperatures. Electric measurements reveal the net active concen-
tration in compensated, gradient-doped n-type and p-type germanium crystals, co-doped with a targeted anti-
mony and gallium along the growth axis. Infrared absorption spectroscopy shows gradual changes in far-infrared
absorption depending on the degree of compensation and the lattice temperature. This absorption can be
modulated by an external light source, whose photons provide photoionization across the band gap. At lattice
temperatures, corresponding to the freeze-out of free charge carriers onto Coulomb impurity centers, far-infrared
absorption increases within a broad spectral band, with a maximum at approximately at the binding energy of
the dopant. Such materials are suitable for a wide range of applications requiring control over of concentration,
capture rates and optical absorption of free charge carriers in semiconductors.

Infrared spectroscopy

1. Introduction

Compensation engineering of elemental semiconductors offers a
versatile material for specialized, high-performance technological ap-
plications, among those fast, spectrally-broadened and quantum-level
(opto)electronics, see e.g. Refs. [1-6]. Near-perfect compensation is
used to create semi-insulating materials (such as silicon, SiC or GaAs) to
provide highly resistive, isolated substrates for high-frequency inte-
grated circuits. As a rule, the compensating impurity with a larger
binding energy than that of the dominant dopant is selected; in this case,
the dominant physical mechanism is attributed to interband recombi-
nation, commonly explained within the framework of
Shockley-Read-Hall recombination theory [4]. Using deep centers, one
can provide pinning of the Fermi level near the middle of the band gap,
thereby significantly reducing the concentration of free charge carriers
in the semiconductor — a commonly used approach for minimizing mi-
crowave losses in the optical windows of high-power devices such as
gyrotrons [5]. Hopping conductivity, occurring in highly-doped and
compensated semiconductors, can potentially be used for optimization

of light absorption in far-infrared bolometers based on compensated
germanium/silicon due to enhancement of hopping conductivity [6].
Controlling compensation in moderately doped germanium (Ge) crystals
enables fast recovery of the photoionized impurities, thereby facilitating
the ultra-fast detection of infrared pulses from free-electron laser [2].
For applications in the far-infrared (terahertz frequency) range requiring
low-loss, sensitive and spectrally broad-band sensing [7], materials
combining low static infrared losses with high concentrations of dy-
namic free charge carriers, are desirable.

The primary objective of this study was to develop a material which
capable of deep modulation of transmitted light - exclusively, in the far-
infrared wavelength range. For this purpose, we select, as the matrix,
germanium crystals, known to exhibit very low lattice absorption in this
spectral range [8]. Impurity-to-band transitions, which exhibit the
largest absorption cross section in the target spectral range, have been
chosen to provide optical losses. To achieve their fast, effective modu-
lation, we consider the band-gap light (> Eg~ 0.66eV or < 1.9 ym),
which modifies the populations of impurity ground states, assuming
their fast repopulation via free carriers captured from the conduction
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and valence bands. This is organized, in turn, employing highly
compensated crystals (degree k = minor/major dopant), whose density
of charged Coulomb centers should provide fast capture of the band-gap
photoionized carriers onto impurity centers, dominantly to their inter-
band recombination (Fig. 1). The use of donor and acceptor center with
approximately equal binding energies (0.0103 eV and 0.0113eV) en-
sures their matched thermal activation temperatures as well as nearly
identical impurity-to-band far-infrared spectra. Consequently,
highly-doped and highly compensated (HDHC) germanium crystal with
shallow donors and acceptors must be made for this goal. Targeted
co-doping during the Czochralski crystal growth process, makes it
possible to obtain high-quality homogeneous distributions of the desired
impurities in Ge crystals.

The doping level was selected by trade-off between significant
impurity-to-band absorption and potential losses induced by
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Fig. 1. Schematic representation of the electronic states and processes deter-
mining far-infrared absorption in compensated germanium. Gallium and anti-
mony symbols denote the localized levels (ground states) of shallow impurities;
the bold, straight arrows near them represent far-infrared absorption: intra-
center photoexcitation (Ga®/Sb® ground state — excited states), and impurity
- band (Ga° - VB, Sb® — CB) photoionization processes. Other far-infrared
absorption processes are of intraband types, within the same (sub)band (CB: e
— ¢; VB: hh — hh; Ih — 1h) and intersubband (VB: hh — [h). Interband (CB-VB)
and Donor-Acceptor pair (DAP) recombinations are shown with dashed arrows.
Thermal ionization at high lattice temperature and capture into the ground
state of impurity centers at low temperatures are shown with hollow arrows.
The upward arrows in the center show broadband excitation, including the
direct and indirect interband photons. A diagonal dashed arrow within the
conduction band indicates intervalley scattering (I' — L) of photoinduced
free electrons.
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inhomogeneous doping. The latter can cause percolation effects arising
from random fluctuations in the electrostatic potential, which could
otherwise cause additional, persistent losses [9]. A further limitation
arises from the effect of impurity bands, that are formed of merged
impurity states at high dopant densities in HD Ge - including the ground
state of the dopants. In a uniformly compensated HD semiconductor, the
factor N'/3ea*, related to the total defect’ concentration and the mean
state radius, describes a regime of strong spatial overlap of localized
states [9]. The empiric values of the semiconductor-metallic, Mott
transition, expected at Ni{3ea*y > 0.25 (a*p is the effective Bohr radius,
which can be viewed as the mean radius of the impurity ground state),
have been determined for shallow impurities in Ge as: Ngp
an ~ (0.95-1.55)010'7 em ™3 [10,117; Ngaquy ~ (1.0-1.86(1))e10'7 cm ™3
[12,13]. Assuming that the radii of excited, Rydberg-like impurity states
scale with their binding energies, the lowest excited states (the binding
energy of 4.75 and 4.6 meV) should overlap beginning from approxi-
mately (1.-1.5)10'% cm™3. In this scenario of only ground impurity state
remaining isolated, the sum concentration of Sb and Ga can be selected
within the range (1.-9.)010' cm 3.

A HC semiconductor has almost equal concentrations of donors and
acceptors Np ~ Na. Through the complete donor-acceptor recombina-
tion of charge carriers, - which originally were bound to their neutral
impurity atoms, - both the donor and acceptor centers (Sb%, Ga®) become
charged, positively (Sb™) and negatively (Ga~), respectively (Fig. 1).
Intracenter and impurity-band light absorption processes are cancelled
for ionized impurities, while the free charge carrier concentration ap-
proaches the net concentration |Np — Nj|. The Fermi level is pinned near
the middle of the band gap (Eg/2), and the material exhibits properties
resembling those of a net doped (like a low-doped at large k) semi-
conductor. Reduced density of free carriers in HC Ge results in low-level
far-infrared absorption at temperatures well above the binding energies
of the present impurity centers, when impurity-to-band absorption is
cancelled. Far-infrared absorption should arise from weak Drude-type
process (Fig. 1), as well as lattice modes via second-order difference-
phonon processes [8]. Similarly, low far-infrared absorption was ex-
pected to appear in HC Ge at low lattice temperatures, when compen-
sation maintains a balance of ionized impurity centers, while lattice
absorption decreases significantly due to the reduced densities of ther-
mal phonons [8]. The strength of impurity-to-band absorption should be
controllable via the intensity of external light source. When band-gap
light illuminates the material, it generates free electron-hole pairs.
These photogenerated minority carriers are rapidly captured by the
oppositely charged impurity centers, effectively neutralizing them. This
results in controlled impurity-band absorption (Sb® — CB; Ga® — VB),
which acts at temperatures below the thermal ionization of the
impurities.

2. Experimental
2.1. Germanium crystals

Co-doping of Ge with gradients of antimony and gallium along the
crystal has been selected. To obtain a series of germanium samples with
different degree of compensation, we used the difference in the distri-
bution coefficients of gallium (0.087) and antimony (0.003) in Ge. Due
to the different depletion of Ga and Sb during growth because of the
different segregation and diffusion coefficients, both the concentration
and the ratio of the impurities vary along the crystal's growth axis. We
have modelled the target partial concentration's profiles along the
crystal's growth axis (Fig. 2a). The upper limit for the net concentration
was targeted to be below 2010'® cm ™3, to ensure non-saturated absor-
bance in the transmission spectra for a sample thickness of about
300 pm. The Ge:Sb:Ga crystals were grown using the Czochralski
method. The doping material was introduced directly into the crucible
charged with 519 g of polycrystalline Ge. Two crystals were grown with
a consequent adding of gallium and antimony. One crystal was aimed to
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Fig. 2. (a) Image of the n-type compensated crystal Ge:Sb:Ga #538. (b)
Calculated distribution of the antimony and gallium over the crystal length. (c)
Calculated degree of compensation, k = Ng,/Ngp. The colored rectangles show
the margins of partial critical Mott concentrations for Ga and Sb impurities.

prepare highly compensated n-Ge(:Sb:Ga) samples, with a selected
volume below Ny and a calculated compensation degree within 75-85%
(Ge:Sb:Ga #538) (Fig. 2), the second crystal was designed for highly
compensated p-Ge(:Ga:Sb) samples, its compensation degree was esti-
mated to vary within 90-100% (Ge:Sb:Ga #539).

Four samples were made from each cut at various positions to the
side with the doping level lower than the critical Ny, for the crystal
#538 — to the left side (Fig. 2a) of the marked volumes of the critical
concentrations.

For optical studies, wedged Ge samples were cut from the cross
sections of Ge:Ga:Sb #538 and #539 crystals, and optically polished.
The parameters of the samples used are summarized in Table 1.

Table 1

Parameters of the samples used in this study. The partial concentrations were
determined from the calculated impurity distribution and the empiric effective
net doping, as determined from the measured resistivity. The accuracy of the
thickness is within 15 pm.

3

Sample No Thickness pm Wedge Sb donors, cm ™3 Ga acceptors cm
HP 40 4510-4960 2.5° <1x10"

40D6 5000 7.8(£0.2)x10'®
471 400-490 1° 9.1(+0.6)x10™*

528¢c 600 1.(£0.1)x10™®
538.1 540-590 0.29° 3.3(+£0.2)x10° 2.9(+0.2)x10'°
538.4 190-360 1.0° 4.7(+0.4)x10'® 4.0(+0.4)x10'°
539.1 400-500 0.47° 2.6(+0.2)x10'®  2.72(+0.2)x10'®
539.3 300-400 0.57° 3.4(+0.3)x10'¢ 3.3(+0.3)x10'®
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2.2. Electrical measurements

Four-point probe resistivity (dedicated setup at IKZ) measurements
on the crystal's surface show the approximately expected ranges of net
concentrations achieved, within ~10'* em ™2 - 10'® ¢cm 2. The actual net
concentration profiles differ from the calculated positions over the
crystal’ axis. This correction was taken into account when assigning the
local partial concentrations and the compensation degree.

Several samples, prepared from the same ingot slices, were processed
to obtain lateral Ohmic contacts on their front facets, following a pro-
cedure analogous to that described in Ref. [3]. The measured resistance
fluctuates within + 9% around the mean value, which corresponds to
the mean resistivity measured via a four-probe technique (Fig. 3).

The temperature evolution of the resistivity was measured on the
twin sample (the same slice cut from the Ge crystals was used for both
samples: used for electric and for optical measurements) using a dedi-
cated cryogenic probe and a Keithley 2400 source-measure unit. The
current-voltage (I-V) dependences follow the net concentrations of free
charge carriers; electric breakdown of strongly compensated samples
occurs at significantly larger values. The I-V curves show clearly a
regime of free carriers freezing onto impurity centers (Fig. 3b); this in-
dicates the existence of at least a ground state as a localized state. The
low-temperature resistivity approaches lower values, compared with
those for undoped and low-doped Ge samples, - a clear indication of the
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Fig. 3. (a) Low-temperature I-V characteristics of co-doped samples compared
to single-dopant p-Ge; the samples (top to bottom): 40D6, 471; 538.1, 538.4,
539.1; (b) Temperature dependence of the resistivity of a co-doped, strongly
compensated p-Ge:Ga:Sb sample # 539.1.
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Fig. 4. (a) Room-temperature far-infrared transmission spectra of the co-doped
Ge:Sb:Ga samples (top to bottom): 539.3; 539.1, 538.1, 538.4; (b) Low-
temperature (T =5K) spectra, compared to single-dopant Ge:Ga (top to bot-
tom): 528c, 539.1; 539.3, 538.1, 538.4; and a ~5mm thick high-purity Ge
sample (HP 40) with its transmission axis on the right side.

formation of an impurity band arising from merged excited states in
moderately doped Ge:Sb:Ga samples, at concentrations exceeding
3010 cm 3.

2.3. Infrared spectroscopy

Infrared spectra were collected with a Bruker Fourier-Transform
spectrometer Vertex 80v, at the spectral resolution of 1 em™?, aver-
aging 211 individual scans, using the sets of beamsplitters and detectors
covering a broad spectral range: from 20 cm™! to 8000 cm ™!, where the
transitions ranging from intracenter and intraband to interband (indi-
rect and direct types, Fig. 1) take place. In the measurements aimed to
study influence of optical broad band-gap illumination, the sample
compartment in the spectrometer was equipped with thin black poly-
ethylene films (cutoff: above 1200 cm™ ). The modulation source used
to illuminate samples in the optical cryostat is a tungsten-halogen lamp,

Smrm(DOm

Materials Science in Semiconductor Processing 219 (2027) 111333

type SLS251 (Thorlabs GmbH), with the most spectral density in the
near-infrared wavelength range. A 5 mm round spot in the center of the
sample facet was irradiated, the estimated integral fluence was 0.7 mW/
mm?. The samples were glued with a conducting paint to a cold finger of
a transport liquid helium cryostat. Temperature was monitored via two
sensors attached to the cold finger. No temperature change occurred
when the measurement was performed under the band-gap illumination.

The far-infrared transmission spectra of highly compensated Ge
samples at room temperature (Fig. 4a) reveal low absorption below
150 cm™}, as is to be expected for a highly compensated semiconductor.
With increasing net doping, Ge:Sb:Ga samples exhibit a broadband
asymmetric absorption that can be plausibly explained by enhanced
Drude-like absorption. Other spectral features are typical for intrinsic Ge
at room temperature: distinct multi-phonon difference and sum ab-
sorption bands (100 — 680 cm ™) and low-frequency slopes similar to
those for low-doped germanium, with the absorption values decreasing
with increasing compensation degree.

Cooling the compensated p-Ge samples results in a significant in-
crease in far-infrared absorption (Fig. 4b). The common absorption
band, peaked at about 92 cm™! (11.4 meV), aligns well with the
maximum of impurity-band absorption associated with gallium centers
(binding energy Eg, ~ 11.3meV [14]), see the spectrum of uncompen-
sated p-Ge:Ga (Fig. 4b). At low lattice temperature, the most doped,
compensated samples display an additional band in the transmission
spectra; the combined absorption is blue-shifted relative to the transi-
tions associated with intracenter and impurity-band absorption; i.e.
above the binding energy of gallium or antimony centers, Egp ~
10.3 meV, or possible dopant pairs.

The origin of these features is obviously related to the free charge
carrier concentrations (both partial and effective net) in the highly
doped and compensated germanium. We hypothesize that the extended
absorption at temperatures above the impurity ionization threshold may
be attributed to the extended tail of the free charge carrier distribution
as the Fermi level shifts toward the band edge. The pronounced asym-
metry of this absorption band may be a characteristic feature of a
tailored distribution into high energies. The rise in absorption at low
temperatures (Fig. 5) is directly related to the freeze-out of free carriers.
Possible local vibrational modes, associated with antimony, should
exhibit narrower spectral lines, impurity-induced one-phonon absorp-
tion band should display multiple features spread over a wide spectral
range, photoinduced hopping-assisted absorption occurs in a much
lower frequency range [15]. llumination of the samples with a band-gap
emission brings additional far-infrared losses (Fig. 5a): tiny (under 1%)
at room temperature and significant at temperatures where shallow
impurity centers are not completely thermally excited (below 40 K). No
temperature change occurred when the measurement was performed
under the band-gap illumination. In the latter case, the spectral center of
the absorption exhibits a blue shift.

3. Simulation of far-infrared transmission spectra

In order to estimate acting free carrier density, we employed the
Drude-Lorentz model for material permittivity, which is known to pro-
vide a good approximation for heavily-doped, uncompensated Ge [16].
We express the far-infrared complex permittivity in a general form as
follows:

2 ST o
e, T) =ew— > Do I %0;

+
2.3 . 2 02) _§
Lem® TV 5, (mgj - u)2> — o latice (0 — 0?) —ilmo

(€8]
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Fig. 5. Temperature dependence of infrared absorption of the co-doped p-Ge:
Sb:Ga sample #539.3: (a) Transmission in the far-infrared range drops a little
under illumination at room temperature, and significantly at 5K; BG = band-
gap illuminated. (b) the Lorentz-Drude model fitting of some spectra in the low-
frequency range. Parameters used for the fits: Ng, ~ 3.60010'° cm 3, Ngp, ~
3.5110'°cm 3, He = 2030 cm?/(Vs), He = 1410 cm?/(Vs); Lorentzian term pa-
rameters of the electronic term (300K/5K/5K + BG): S = 0.0027; I = 5¢10'2
s7L 0 =1.95010"3 5s71;/S = 3.4; T = 2.510'% s7}; 0 = 1.73010'3 57 1;/S = 5.4;
I'=2.1010"%571; 0o =2.0010'2 s71; the lattice term was adapted from Ref. [8]
and implemented only to model the spectrum at 300K.

where the first term is the static permittivity of Ge taken as &,, = e(®—o0;
T)=16 [17], the second term describes electronic intra(sub)band
transitions of free charge carriers (Drude-like absorption), the third term
stays for other nonvanishing electronic transitions in this spectral range,
namely: intracenter (ic) and impurity — band (ib) transitions (inter-
subband transitions in the valence band, heavy-to-light hole, were
neglected due to their relatively small cross-section of < 1077 cm? in
the relevant far-infrared range [18]) and the last term accounts for the
contributions of lattice modes. Next, mgi: i-ez-(ml--eoosw)’l are the
corresponding Drude weights for i = {electrons; heavy holes}; N; is the
partial density of free charge carriers; e is the elementary charge; m; is
the effective mass of the charge carrier (electrons: m, = 0.12emg; heavy
holes: mpy =0.33em [17]); € is the vacuum permittivity; y; are the
corresponding damping constants, calculated from empiric values of
mobility p in moderately doped n-Ge and p-Ge (Refs [19,20]) within the
classic Drude model y= eo(meff-p)’l assuming that the number of
scattering atoms, determining the mobility of free carriers is equal to the
sum Ng, + Ngp; S, I' and o are the strength, linewidth and center fre-
quencies of the oscillators in the last terms, respectively. For the lattice
term, we neglect most contributions from phonon bands in the range <
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150 cm™}; except a single, weak, difference-phonon band centered at
about 100 cm ™! [8]. We also neglect the contributions into the Drude
term from the transitions within the light hole and spin-orbit-split sub-
bands, as their population are expected to be much smaller compared to
those of heavy holes (4.501072 and 1.6e107°, respectively).

The refractive and extinction coefficients (n(»,T) and k(®,T)) are
subsequently derived from the permittivity, using the relationship:

(o, T) = Re(e(w, T))+i-Im(e(w, T)) = (n(w, T) + i-k(w, T))?

Transmission spectra are calculated in the next step, assuming a
single path light propagation, valid for the wedged samples used in this
study:

Trans(o,T) = (1 - (%) ) -exp ( — 4nk(w, T)d/A) (2)

We show several specific cases with significantly different trans-
mission spectra (Fig. 5b).

The low-temperature spectrum of a HC p-Ge sample (calculated Ng,
~ 3.4e10'° cm’s; Ngpb~3.3; k=~0.97), assuming no free carriers
occurred (the second term in Eq. (1) vanishes to zero), lets a reasonable
fitting of the far-infrared region assuming a broadband contribution
peaked at about the energy of a Ga center (11.4 meV or ~92 cm™?, the
binding energy of a majority impurity, gallium, Eg, = 11.3 meV). The
corresponding concentration of neutral Ga centers, which would provide
the calculated absorption is 1.57%%10'* cm ™3, assuming margins for
the cross-section at this frequency for moderately doped Ge:Ga [14]. The
room temperature spectra of the sample (assuming thermal ionization of
shallow impurities occurred, the third term in Eq. (1) vanishes to zero)
are well fitted if assuming free charge carriers to be of 9*1e10* cm ™3
while the absolute values were taken as Nga ~ 3.6010'®cm~3,
Ngp~ 3.51010'° cm 3 [19,20] in order to match to the empirical values
of mobilities for electrons and holes. This slight discrepancy for sample
#539.3 suggests two possibilities: (i) the infrared spectra apparently
reveal a somewhat lower net doping for the sample from this crystal
location than estimated from the resistivity measurements; (ii) the
mobility values used in the model are not accurate enough. Note that in
the first case, the values taken for modelling the spectra lie within the
error margins of the measurement method (Table 1). Both cases of
partial concentrations of antimony and gallium yield the compensation
in this sample as predicted by simulation, and from electric measure-
ments, k ~ 97%.

Finally, under band-gap excitation at low temperatures, we expect a
partial recovering of neutral impurity centers by the subsequent exci-
tation of a valence electron into the conduction band following its
capture onto an ionized D* donor center. Note, that this capture of a free
electron onto the Coulomb center dominates donor-acceptor recombi-
nation at low temperatures — the captured electron remains bound to the
donor center and contributes to far-infrared absorption. The same,
mirrored, process occurred at the acceptor sites. As the result — far-
infrared absorption increases. Our fitting yields a fraction of about 8%
for recovered (compensated into neutral) Sb and Ga centers, that would
quantitively explain the observed slope (Fig. 5b). This picture is
consistent with the rates of non-radiative recombination and capture of
free carriers known for germanium. For both types of interband
recombination — Auger direct and involving localized states within the
band gap, rates in the nanosecond-to-microsecond range have been re-
ported at room temperature [21], up to the largest free carrier concen-
trations (where the recombination rate scales with NZ). Capture into
charge impurity atoms at low temperatures occurs on a faster timescale,
typical values derived from time-resolved measurements on HDHC p-Ge
[2] yields characteristic times of less than 100 ps.

Note, that the spectrum width almost remains under the bandgap
emission in both spectra at 5K, while its center exhibits a blue shift
towards approximately 13.2 4+ 0.1 meV. It can be surmised that this shift
manifests the additional rising slope caused by the persistent Drude
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absorption — this would imply that a smaller; but detectable part of the
photo-induced free charge carriers manages to contribute to the free-
carrier far-infrared absorption process complementary to major ab-
sorption from the part related to populated ground states of the
impurities.

4. Conclusions

Highly compensated (up to 98%), moderately to heavily doped Ge
crystals exhibit significant absorption in far-infrared and tailoring into
mid-infrared ranges at low temperatures. As the degree of compensation
increases, these losses gradually decrease, reaching low levels in highly
compensated samples. We selected the regime of the impurity ground
states remained isolated and acting as effective Coulomb traps for free
charge carriers; interband recombination plays a comparatively minor
role. This scenario was realized in high-quality germanium crystals,
doped below the Mott transition of gallium and antimony. Far-infrared
light transmission was modulated applying a band-gap optical excita-
tion, making this material as a spectrally selective, controllable
absorber. The modulation depth is maximized at highest compensation,
and can be varied by the fluence of external band-gap illumination. The
ultrafast, femtosecond-range scattering between the I" and L valleys in
Ge [22] makes no significant difference in the choice of the modulating
source; its wavelength merely needs to be shorter than those corre-
sponding to the indirect band gap of germanium. The net concentrations
were found to determine both electric and optical characteristics and
point on approximately the same values for the measured samples. The
HDHC Ge crystals remain transparent into the lowest frequencies in
these measurements, indicating low-moderate Drude loss and apparent
preventing role of compensation in the formation of surface and bulk
plasmons.
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