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We report on polarization spectra of spontaneous terahertz electroluminescence from uniaxially deformed Ge(Ga). At compressive pressure of about
3 ± 0.3 kbar in the [111] direction, near the impurity breakdown threshold,
the linear polarization degree attains ≈ 80–90% for the main lines of the
terahertz emission.
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1. Introduction
Optical transitions between energy levels of shallow impurities in semiconductors induced by electrical breakdown of the impurities can be used as a possible
operational scheme for terahertz (THz) emitters (0.15–10 THz). The impurity
THz emission from Ge is quite intense and can be observed at electric fields as
low as several V/cm. Although THz radiation accompanied by the breakdown of
shallow impurities in Ge has long been found (see, e.g., [1]), its spectrum was only
recently analyzed near the threshold of the breakdown of a shallow acceptor [2].
In Ref. [3], a new scheme of a THz laser was proposed on the basis of resonant
states of a shallow acceptor in uniaxially deformed p-Ge. Polarization studies of
the impurity THz emission from p-Ge can provide important information on the
symmetry of the states involved in radiative transitions. Here we report on the
measurements of polarization spectra of the spontaneous THz electroluminescence
from uniaxially deformed Ge(Ga).
2. Experimental details
The studied Ge(Ga) samples had a resistivity of 20 Ω cm (NA − ND ≈
1.6 × 1014 cm−3 ). To create a uniaxial compressive stress in the [111] direction
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the sample was embedded in an organic glass frame and the entire structure was
cooled down to low temperature in a helium cryostat. The spectral measurements
were performed using a Fourier spectrometer for a range of 5–350 cm−1 . The
measurements of the THz photoconductivity spectra for unstressed and stressed
samples, and a comparison of the results with published data [4] were used for
calibration and measurements of stress in p-Ge samples achieved in our setup.
These results show that the level of the stress is about 3 ± 0.3 kbar at T = 5 K.
THz radiation was detected by cooled Si bolometer using lock-in technique. For
the polarization resolved measurements we used a linear polarizer placed in front of
the Fourier spectrometer. The sample holder could be rotated around optical axis
to adjust the chosen polarization geometry of the emission against the deformation
axis (e k P and e ⊥ P , respectively).
3. Experimental results and discussion
THz emission from unstressed Ge(Ga) was unpolarized and a typical spectrum of the emission near the impurity breakdown threshold is shown in Fig. 1a.
The main narrow line with the peak at ≈ 8.3 meV corresponds to the optical
transitions from the second excited acceptor state 2Γ8− to the ground state 1Γ8+
(see Fig. 1b). Hereinafter, we use commonly accepted classification of the acceptor
states in the crystals of the Oh symmetry (see, e.g., [5, 6]). The high-energy asymmetry of the main line is due to the contributions of a narrow line with a peak
at ≈ 9.7 meV and a broad line with the peak at ≈ 13 meV. The line at 9.7 meV
corresponds to the transitions from one of the upper excited acceptor states (e.g.
from the 4Γ8− state) to the ground state. The emission at 13 meV is caused by
the transitions of hot holes from the valence band to the impurity ground state
(see [2] for more details). It is necessary to note that the transitions from the first
excited state of the acceptor (1Γ8− ) do not contribute to the emission spectrum
(Fig. 1) because of the oscillator strength for the 1Γ8− → 1Γ8+ transition is almost
40 times lower than the value for the 2Γ8− → 1Γ8+ transition [5].
Figure 2a shows the emission spectra of uniaxially deformed Ge(Ga) measured near the impurity breakdown threshold, at E = 5.2 V/cm. The main narrow
line with the peak at 7.6 meV observed at e ⊥ P geometry is polarized across the
deformation with the polarization degree of ≈ 93%. The spectrum also includes a
narrow line with the peak at 8.8 meV and a broad line with the peak at ≈ 10.3 meV.
The line at 10.3 meV dominates in the spectrum measured at the e k P geometry
and its polarization degree along the deformation axis is ≈ 80%.
We attribute the line with the peak at 7.6 meV to the transitions from the
1(Γ5− + Γ6− ) acceptor excited state to the 1Γ4+ acceptor ground state (see Fig. 2b).
This interpretation is supported by the spectral position of this line that agrees
with the calculations [6] and by its high degree of linear polarization (≈ 93%)
across the deformation axis. We have to emphasize that the domination of this
line in the emission spectrum at e ⊥ P polarization indicates that the ratio of oscillator strengths for optical transitions from the first and second excited acceptor
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Fig. 1. (a) Terahertz electroluminescence spectrum of an unstressed Ge(Ga) sample
measured with the spectral resolution of ≈ 0.6 meV at T = 5 K and E = 7.5 V/cm.
(b) A schematic picture of the optical transitions responsible for the THz emission near
the threshold of the impurity breakdown in Ga(Ga).

Fig. 2. (a) Spectra of THz electroluminescence of a Ge(Ga) sample uniaxially deformed
in the [111] direction. T = 5 K, E = 5.2 V/cm, the uniaxial pressure is 3 ± 0.3 kbar (see
text), spectral resolution is ≈ 0.6 meV. 1 — the e ⊥ P polarization geometry, 2 — the
e k P polarization geometry. (b) A schematic picture of ground and several excited
states of a shallow acceptor in Ge under uniaxial deformation in the [111] direction. Arrows show major optical transitions, which form the THz electroluminescence spectrum
under the impurity breakdown.

states changes substantially under the uniaxial deformation. That is the oscillator
strength for the 1(Γ5− + Γ6− ) → 1Γ4+ transition gets higher than the value for
the 2(Γ5− + Γ6− ) → 1Γ4+ transition at the stress of ≈ 3 bar. The recent calcula-
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tions [7] support our conclusion about the strain induced increase in the oscillator
strength of optical transitions from the first excited acceptor state. The line at
8.8 meV (Fig. 2a) corresponds to the optical transitions from the (Γ5− + Γ6− ) and
Γ4− excited states, arising from the 2Γ8− and 1Γ7− states, to the acceptor ground
state. The broad line at 10.3 meV can be caused by the transitions of nonequilibrium holes from the Γ4 subband of the valence band to the acceptor ground state.
We cannot exclude also a contribution to the emission at 10.3 meV from optical
transitions between resonant acceptor states, which originate from upper excited
acceptor states under uniaxial pressure exceeding 2 kbar and concentrate near the
bottom of the light hole band [4], and the acceptor ground state. Such transitions
between resonant and localized acceptor states can be responsible for the strong
polarization of the emission at 10.3 meV (see Fig. 2a). Figure 3a shows the emis-

Fig. 3. (a) Terahertz electroluminescence spectra of uniaxially deformed Ge(Ga) for
E = 7.3 V/cm, T = 5 K and spectral resolution of ≈ 0.6 meV. 1 — the e ⊥ P polarization geometry, 2 — the e k P polarization geometry. (b) Electric field dependence
of the linear polarization degree of the THz emission at the 7.6 meV line in uniaxially
deformed Ge(Ga).

sion spectra at the electric field of 7.3 V/cm. The narrow line at 7.6 meV remains
predominantly polarized across the deformation axis, but its polarization degree
decreases to ≈ 42%. The decrease in the polarization degree of this line occurs
due to an increase in the contribution of the 1Γ4− → 1Γ4+ optical transitions from
the higher excited state 1Γ4− , which is close in energy to the 1(Γ5− + Γ6− ) state.
The 1Γ4− → 1Γ4+ transition is allowed at both e k P and e ⊥ P polarizations, and
the relative population of the 1Γ4− state increases with the increase in effective
electron temperature. It results in a reduction of the total polarization of the line
at 7.6 meV with the increase in the electric field as Fig. 3b demonstrates. The
emission behavior of the broad line with the electric field increase is more complicated. As can be seen from Fig. 3a, a structure appears here, namely: features
at ≈ 9.4 meV and ≈ 10.3 meV, which are observed at the e k P polarization and
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have the polarization degrees of ≈ 78% and ≈ 44%, respectively, at E = 7.3 V/cm.
Also a feature at ≈ 10.8 meV is seen at the e ⊥ P polarization. As a whole, the
polarization of the THz emission in the region of ≈ 10 meV decreases with the
increase in the electric field strength. Most likely these regularities are also caused
by influence of heating effects of nonequilibrium holes under the increase in the
electric field. Possibly the feature at 9.4 meV is related to transitions from upper excited acceptor states of Γ4− symmetry, whose relative population increases
with the electric field increase, to the 1Γ4+ acceptor ground state. The broad
line at 10.8 meV could be caused by transitions between the heavy and light hole
subbands. Such optical transitions should be predominantly polarized across the
deformation axis and, therefore, their contribution will give a decrease in the total
polarization of the THz emission in the region of ≈ 10 meV.
4. Conclusion
We have observed new optical properties of THz emission from uniaxially
deformed Ge(Ga) at the conditions of impact impurity breakdown. The main
feature is a strong linear polarization of THz emission bands with different alignment of polarization vector against the deformation axis. The observed emission
bands correspond to the optical transitions of holes between single excited states
and the ground state of the acceptor and the transitions of holes from the valence
band to the impurity ground state. The polarization level decays under electric
field increase due to rise of electron temperature. The population of high energy
states increases the contribution of optical transitions with competing polarization
selection rules.
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