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Abstract: Optical absorption spectra of 9 MeV electron-irradiated GaSe crystals were studied. Two
absorption bands with the low-photon-energy threshold at 1.35 and 1.73 eV (T = 300 K) appeared
in the transparency region of GaSe after the high-energy-electron irradiation. The observed ab-
sorption bands were attributed to the defect states induced by Ga vacancies in two charge states,
having the energy positions at 0.23 and 0.61 eV above the valence band maximum at T = 300 K.
The optical pump-terahertz probe technique (OPTP) was employed to study the dark and photoex-
cited terahertz conductivity and charge carrier recombination dynamics at two-photon excitation
of as-grown and 9 MeV electron-irradiated GaSe crystals. The measured values of the differential
terahertz transmission at a specified photoexcitation condition were used to extract the terahertz
charge carrier mobilities. The determined terahertz charge carrier mobility values were ~46 cm2/V·s
and ~14 cm2/V·s for as-grown and heavily electron-irradiated GaSe crystals, respectively. These
are quite close to the values determined from the Lorentz–Drude–Smith fitting of the measured
dielectric constant spectra. The photo-injection-level-dependent charge carrier lifetimes were deter-
mined from the measured OPTP data, bearing in mind the model injection-level dependencies of the
recombination rates governed by interband and trap-assisted Auger recombination, bulk and surface
Shockley–Read–Hall (SRH) recombination and interband radiative transitions in the limit of a high
injection level. It was found that GaSe possesses a long charge carrier lifetime (a~1.9 × 10−6 ps−1,
b~2.7 × 10−21 cm3ps−1 and c~1.3 × 10−37 cm6ps−1), i.e., τ~0.53 µs in the limit of a relatively low
injection, when the contribution from SRH recombination is dominant. The electron irradiation of
as-grown GaSe crystals reduced the charge carrier lifetime at a high injection level due to Auger
recombination through radiation-induced defects. It was found that the terahertz spectra of the dielec-
tric constants of as-grown and electron-irradiated GaSe crystals can be fitted with acceptable accuracy
using the Lorentz model with the Drude–Smith term accounting for the free-carrier conductivity.

Keywords: GaSe; electron irradiation defects; terahertz dielectric constants; photoionizaton
cross-section; multiple-charge states; terahertz photoconductivity; below-band-gap photoexcitation;
optical pump–terahertz probe; charge carrier lifetime

1. Introduction

Gallium selenide is a representative of III–IV class layered semiconductors [1,2]. Each
layer consists of four planes of one type of atom, ordered as Se–Ga–Ga–Se, the layers
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being bonded by van der Waals forces. Due to its layered structure, GaSe easily forms 2D
nanoflakes [3,4] and can serve as an intermediate material to relax the lattice-mismatch-
induced strains at a heterojunction epitaxial growth [5]. The mechanical exfoliation can
be employed even to obtain a few nanometer-size GaSe flakes [3,4]. There is also a high
solubility (including intercalation to the interlayer space) of a variety of chemical elements
into GaSe, which is used to modify its properties [1,6,7]. Presently, the main research
activity concerns the properties and fabrication of few-layer III-VI structures and their
applications in flexible electronics, gas sensors and photodetectors [8,9]. The bulk GaSe
crystals have found applications in IR and terahertz nonlinear optics [10–20]. In particular,
GaSe has been efficiently used for terahertz generation by optical rectification [11], as well as
collinear [12] and noncollinear [14] difference frequency generation. These crystals can also
be used in terahertz time-domain spectroscopy (THz-TDS) setups as terahertz sensors [15],
as well as for broadband mid-IR difference frequency generation [16–18] and generation of
mid-IR frequency combs [16,19]. Also, this material is demanded in high-repetition-rate
optical parametric amplifiers (OPAs) [19,20]. The high-quality optical surfaces can be easily
obtained for even 20–50 µm thick GaSe slabs, which are demanded for nonlinear frequency
conversions of ultrashort laser pulses. The low mechanical hardness and easy oxidation in
environmental conditions are well-known demerits of GaSe [21]. Also, it is hard to fabricate
GaSe slabs with the optical surfaces oriented at acute angles to the optical axis. The high
reflection coefficient for the near-IR radiation and limited applicability of standard methods
and materials to produce the antireflection coatings (AR) also limit the efficiency of the
applications of this material. Nevertheless, there are examples of ARs for GaSe crystals
developed during the last five years [22,23].

It is known that high-energy-particle (electrons, protons, neutrons, γ-quanta, etc.)
bombardment is used for modifying the electrical, optical and recombination properties
of semiconductors. In contrast to the linear and nonlinear IR and terahertz properties of
as-grown and doped GaSe, the properties of high-energy-particle-irradiated GaSe crystals
have almost not been previously studied. In Refs. [24–26], neutron-irradiated GaS and InSe
crystals, other representatives of the III-VI class, were studied. In Ref. [24], the high-energy
electrons were produced as a result of nuclear reactions inside the GaSe crystal after being
irradiated by neutrons. It was supposed that these high-energy electrons, in turn, produced
point defects, such as Frenkel pairs, consisting of Ga vacancies and interstitial Ga atoms
(VGa–Gai) [24]. It should be pointed out that GaSe was tested as a high-energy-particle
detector (5.5 MeV α-particles [27]). It is known that GaSe has a low charge carrier mobility;
on the other hand, the charge carrier lifetime is long, and the charge collection efficiency
could be high enough [27]. Thus, GaSe resistance to radiation damage can be of interest.

The terahertz absorption in semiconductors can be strongly influenced by free carriers
together with the optically active phonon modes. For another well-known nonlinear crystal
for IR and terahertz ranges, ZnGeP2, the improvement of the optical transparency in the
near-IR and terahertz ranges after electron irradiation has been reported [28,29]. This
is a consequence of a Fermi-level shift toward the mid-gap in this crystal after electron-
irradiation. Thus, the study of the influence of electron irradiation on the optical and
terahertz absorption, the free-carrier high-frequency conductivity and recombination dy-
namics in GaSe is of both scientific and practical interest.

It is known that bulk GaSe has a stable p-type conductivity with a resistivity of
(103–109 Ohm·cm) [6,7,30,31], and very few works have reported the n-GaSe [32]. The
charge neutrality level (CNL) position is about 0.8 eV above the valence band maximum
(VBM) [31]. The published values for the low-frequency mobility of holes with motion
parallel to the layer planes is 30–60 cm2/V× s [6,33], with motion perpendicular to the layer
planes −210 cm2/V × s [33]. The low-frequency mobility of electrons with motion parallel
to the layer planes is 300 cm2/V × s, with the low-frequency mobility perpendicular to the
layer planes being −80 cm2/V × s [33]. The above- and below-band-gap excitation optical
pump–terahertz probe technique was employed for the study of undoped GaSe in Ref. [34],
and the charge carrier mobility values of 49 and 118 cm2/V·s were obtained. The OPTP
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has not previously been applied to measure the charge carrier lifetime of as-grown GaSe or
to study properties of the doped or electron-irradiated GaSe crystals. Thus, the study of the
terahertz properties of GaSe crystals modified by electron irradiation is relevant.

The OPTP technique is known to be a noninvasive and high-temporal-resolution tool
for the study of ultrafast processes in crystal structures [35]. Usually, the measurements are
performed at a high level of photoexcitation and at above-band-gap photoexcitation (single-
photon absorption (SPA)). The latter makes the photoexcited layer of a semiconductor thin
(usually, the thickness is <1 µm). Thus, the excitation by below-band-gap photon energies
(for example, two-(TPA)-photon absorption) is more informative [34] when studying the
bulk properties of a crystal. In our previous study, we investigated ZnGeP2 (Eg = 2 eV
at 300 K) and 4H-SiC (Eg = 3.23 eV at 300 K) crystals using OPTP at below-band-gap
photoexcitation with λ = 800 nm (the photon energy is 1.55 eV) femtosecond laser pulses [36].
In the present study, we used this technique to investigate another nonlinear crystal, GaSe
(Eg = 1.95 eV at 300 K; thus, TPA works in this case), both as-grown and modified by
electron irradiation.

In the present study, we measured and modeled the optical transmission spectra of
GaSe crystals modified by electron irradiation. In the next step, we measured terahertz
dielectric constants and fitted them by the Lorentz–Drude–Smith expression. The high-
frequency photoconductivity and charge carrier recombination dynamics at below-band-
gap SPA + TPA excitation were studied using OPTP. The terahertz charge carrier mobilities
were extracted from both the recorded OPTP data and the Lorentz-Drude–Smith fitting of
the photoconductivity spectra.

2. Experimental Methods
2.1. Sample Preparation

The GaSe crystals were grown using the vertical Bridgman method [6,7] from high-
purity initial components (Ga and Se of 6N grade). Slabs of GaSe with thicknesses of
100–700 µm were prepared by cleavage along the layer planes. The irradiation with high-
energy electrons (9 MeV) was performed at the nuclear reactor of Karpov Institute of
Physical Chemistry (Obninsk, Russia), with fluences Φ up to 1018 cm−2.

The isochronal thermal annealing of the electron-irradiated slabs was carried out
through 10 min exposition on the heater in the vacuum chamber at a temperature of 100 to
608 ◦C. The annealing was sequential, i.e., the same sample was annealed, then measured,
then annealed at the next temperature, and so on.

2.2. Optical Absorption Measurements

The optical absorption spectra were measured using a USB 4000+ spectrometer (Ocean
Optics, Largo, FL, USA) in the spectral range of 350–950 nm. The low-temperature mea-
surements were performed using closed-cycle cryostat Model CCS-300S/204-HT (Lake
Shore Cryotronics (Janis), Woburn, MA, USA).

The power absorption coefficient α(λ) was recalculated from the measured intensity
transmission spectra T(λ) using the two equations below, taking into account multiple
reflections in thin samples and intensity reflection R(λ) for the GaSe/air interface:

α(λ) = −1
d

ln(

√
(1− R(λ))4 + 4T2(λ)R2(λ)− (1− R(λ))2

2T(λ)R2(λ)
) (1)

R(λ) =
(n(λ)− 1)2 + (λα(λ)

4π )
2

(n(λ) + 1)2 + (λα(λ)
4π )

2 (2)

The measurements were carried out on z-cut GaSe samples in unpolarized light at
a normal incidence. Thus, the refractive indices were calculated as n(λ) = no(λ), and the
ordinary refractive index no(λ) was taken from [37].



Crystals 2023, 13, 1562 4 of 18

The spectral dependence of the photoionization cross section for “energy band–deep
level“ transitions can be written (in CGS system of units) as Ref. [38]:

ξ(}ω) =
1
n

(
Eeff
E0

)2 16πe2}
3m∗c

E1/2
A (}ω− EA)

3/2

(}ω)3 (3)

where n is the refractive index, Eeff/E0—effective field ratio, EA—defect ionization energy,
m*—effective mass, c—speed of light, e—electron charge. Equation (3), though being sim-
plified [39], was successfully used to explain optical absorption features in semiconductors
with optical transitions involving deep levels (induced by introduced impurity atoms)
for which the hydrogen model cross section does not give a satisfactory description of
experimental results. For crystals with radiation defects, this approach was employed, for
instance, to electron-irradiated ZnGeP2 crystals [28]. Since the two absorption bands with
the optical transition energies exceeding the half-band-gap energy were found on the mea-
sured absorption spectra in the present study, transitions “deep level–energy band” could
be supposed. Thus, we used the following equation to fit our experimental data [39,40]:

α(}ω) = A1
(}ω− EA1)

1/2

(}ω)3 + A2
(}ω− EA2)

1/2

(}ω)3 + A3(}ω− Eg)
1/2. (4)

where A1–A3 are constants, EA1 and EA2 are defect ionization energies, Eg is GaSe band
gap; the last term in Equation (4) describes direct interband transitions.

To more accurately reproduce the spectral shape of the measured absorption curves,
we also used the equation based on standard Gaussians

α(}ω) =
3

∑
j=1

Bj exp(
−(}ω− Ej)

2

cj
) + B4(}ω− Eg)

1/2 (5)

where B1–B4 and c1–c4 are constants, E1–E3 are spectral positions of maximum absorption
intensity. Equation (5) allows for better reproducing the spectral shape of the measured
absorption curves but has less physical background than Equation (4).

The integral absorption intensity of each of the two absorption bands was calculated as

Iabs_band_j =

1.9∫
EAj

Aj
(x− EAj)

1/2

(x)3 dx (6)

where the parameters Aj and EAj were obtained from fitting of the experimental absorption
spectra using Equation (4). The calculated integral intensities of the absorption bands were
used to plot their dependencies on the annealing temperature. These dependencies were
fitted using the following equation (assuming the second-order recombination kinetics) [24]:

Iabs_band_j =
I0j

1 + YjT2 exp(−Eaj/kT)
(7)

where Eaj is the activation energy for the defect recombination process, Yj and I0j are constants.

2.3. Optical Pump–Terahertz Probe Measurements

In the present study, the charge carrier relaxation dynamics were studied using the
OPTP technique described in detail in our previous publication [36]. For the convenience
of the readers, we also include the description and scheme (Figure S1) of the setup from
Ref. [36] to the Supplementary Materials.

The OPTP data for GaSe crystals were measured under combined SPA + TPA pho-
toexcitation, assuming 100% quantum efficiency. Analogous to the calculation described



Crystals 2023, 13, 1562 5 of 18

in Ref. [36], the concentration of generated electron–hole pairs on the distance x from the
surface of a sample is

∆ne−h_pairs(x) =
dIabs(x)

dx
·
τp

ηEphot
(8)

where Iabs(x) is the absorbed optical pump intensity after passing the thickness x of the
crystal, τp is the pulse width, Ephot = hc/λ is the photon energy (λ is the laser wavelength)
and η = 2 for SPA + TPA photoexcitation is the number of photons required to produce one
electron–hole pair. Then,

Iabs(x) = I0 − I(x) (9)

where I0 = (1 − R)P/S is the optical pump intensity passed through the entrance surface,
P = Epump/τp is the optical pump pulse peak power, Epump is the optical pump pulse
energy, S is the optical pump spot area on the sample surface, R = (n − 1)2/(n + 1)2 is the
power reflection coefficient, where the refractive index n(λ = 800 nm) = 2.84 [37]. Here, we
neglect the angular dependence of the reflection coefficient for simplicity.

The optical pump intensity reaching the depth x inside the crystal I(x) was calculated
numerically from the equation

dI(x)
dx

= −I(x)(α+ β · I(x)) (10)

where the SPA coefficient α was 0.01–155.81 cm−1 (see Table 1), the TPA coefficient
β = 0.558·10−9 cm/W was taken from [41] for λ = 800 nm. When calculating the absorbed
power (9,10), we neglected the possible multiple reflections. The influence of the spectral
bandwidth of the pumping femtosecond laser pulse (and, therefore, the slightly differing
values of SPA and TPA coefficients of its spectral components) was also considered to
be negligible.

Table 1. Experimental sample and photoexcitation parameters.

Sample α (λ = 800 nm),
cm−1 L, µm Pav, mW d, mm ∆n,

cm−3

∆ne-h_pairs, cm−3

Front
Surface

Outflow
Surface

as-grown 0.01 100 180 4 3.31 × 1016 3.89 × 1016 2.81 × 1016

Φ = 5 × 1016 cm−2 5.11 400 230 5 2.1 × 1016 3.52 × 1016 1.25 × 1016

Φ = 1 × 1017 cm−2 13.09 130 230 5 3.9 × 1016 5 × 1016 3.05 × 1016

Φ = 5 × 1017 cm−2 50.88 130 230 6 5.11 × 1016 7.65 × 1016 3.3 × 1016

Φ = 1 × 1018 cm−2 155.81 130 150 6 5.51 × 1016 1.33 × 1017 1.64 × 1016

Thus, the concentration of electron–hole pairs ∆ne-h_pairs(x) was calculated employ-
ing Equation (8) with the Iabs(x) calculated from Equations (9) and (10). The average
concentration of electron–hole pairs over crystal length L was calculated as

∆n(L) =
Iabs(L)

L
·
τp

ηEphot
(11)

The laser pulse average power Pav and its focusing were regulated to keep the uniform
distribution of the generated charge carriers (the difference in ∆ne-h_pairs(x) on the front
and opposite surfaces within an order of magnitude) (see Table 1) for the crystals of various
absorption levels and thicknesses at a high-enough signal.

Assuming a uniform charge carrier distribution, to calculate the nonequilibrium charge
carrier concentration by using the obtained relative differential transmission ∆T/T0 values,
the following formula was employed [34]:
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∆n(t) =
2nTHz

Z0eLµ

∣∣∣∣∆T(t)
T0

∣∣∣∣ (12)

where nTHz is the terahertz refractive index of the slab, Z0 = 377 Ω is the free space
impedance, µ is the carrier mobility (sum of electron (µn) and hole (µh) mobilities) averaged
over all the measured terahertz frequencies, ∆T(t) = T(t) − T0, where T(t) and T0 are
the sample terahertz amplitude transmittances with and without photoexcitation and
t is the delay between the arrival of the laser pump and terahertz probe pulses to the
sample surface.

The calculated distributions, using Equations (8) and (11), of generated charge carriers
on the sample length and dependence of the average concentration of electron–hole pairs
over the crystal length L for GaSe samples irradiated with different fluences of electrons
are presented in Figure 1. It is seen that at the given parameters of the samples and the
laser beam, the distribution of generated charge carriers on the sample length is uniform
enough within 400 µm thick samples, except for Φ = 1 × 1018 cm−2 sample where strong
SPA dominates in the total absorption (thus, the thin 130 µm sample was measured for the
fluence Φ = 1 × 1018 cm−2).
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crystal for the measurements of the terahertz photoconductivity and the charge carrier relaxation
dynamics in as-grown and electron-irradiated GaSe crystals.

The e-h pair concentrations on the front and the opposite surfaces of the sample differ
within one order of magnitude, which we consider to be a uniform distribution; we used
the values of ∆n averaged over distance from the surface from x = 0 to x = L in further
calculations (Table 1).

Knowing the ∆n(t = 0) (Table 1) and measured ∆T(t = 0)/T0 values, the averaged charge
carrier mobilities µ = µn + µp over all measured terahertz frequencies were estimated using
Equation (12).

The effective charge carrier lifetime dependence on the injection level was determined
as [42,43]:

− 1
∆n(t)

d∆n(t)
dt

=
1
τeff

= a + b∆n(t) + c∆n2(t) (13)

where τeff is the effective charge carrier lifetime, coefficient a is responsible for the influence
of the surface and bulk SRH recombination, coefficient b is associated with the effect of
interband radiative transitions and Auger recombination through trap levels and coefficient
c is responsible for the interband Auger recombination effect. The experimental depen-
dences ∆n(t) were plotted in t-∆n coordinates and fitted using Equation (14), which is the
solution of Equation (13), assuming that b2 > 4ac and after swapping the dependent and
independent variables:
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t = k− 1
2a

ln
(

∆n2

a + b∆n + c∆n2

)
+

b
2a
√

b2 − 4ac
ln

(
b + 2c∆n−

√
b2 − 4ac

b + 2c∆n +
√

b2 − 4ac

)
(14)

2.4. Terahertz Photoconductivity Measurements

To measure the terahertz dielectric constants of the samples in the dark and at pho-
toexcitation, the same experimental setup was employed (Figure S1 in the Supplementary
Materials) [36]. Briefly, the photoexcited dielectric constants were measured at two tempo-
ral delays between the arrival of the maximal amplitude of the terahertz waveform and the
optical pump pulse to the sample. At the first delay (∆t1 = 0), a simultaneous arrival of the
maximal amplitude of the terahertz waveform and the pump pulse to the sample occurred.
At the second delay (∆t2), the −∆T(t)/T0 values were two times lower than at the first
delay. Since during the measurement temporal delay (∆t1 or ∆t2) was fixed, the different
parts of terahertz waveforms passing the sample experienced different photoexcitation
levels. To minimize this effect, a 10 ps time window was used for the recording of the
terahertz waveforms. To obtain the dark dielectric constants, the pump pulse was blocked
during the terahertz waveform recording.

In the next step, the standard THz-TDS data analysis [35] was performed to obtain
ε′(ω) and ε′′(ω). Knowing the complex dielectric constants, the terahertz refractive indices
and the absorption coefficients were calculated using the following well-known formulas:

nTHz(ω) =

[
1
2

[√
ε′2(ω) + ε′′ 2(ω) + ε′(ω)

]]0.5
(15)

α(ω) =
2ω
c

[
1
2

[√
ε′2(ω) + ε′′ 2(ω)− ε′(ω)

]]0.5
(16)

The total conductivity, provided by both bound and free charge carriers, was calculated
both in the dark and in the photoexcited state

∼
σ
′
(ω) = ωε′′ (ω)ε0 (17)

∼
σ
′′
(ω) = ωε0(1− ε

′(ω)) (18)

The photoexcited-carrier-induced complex conductivities were calculated as

∆σ′(ω) = ωε0

(
ε′′ phot(ω)− ε′′ dark(ω)

)
, (19)

∆σ′′ (ω) = ωε0

(
ε′dark(ω)− ε′phot(ω)

)
(20)

The terahertz complex dielectric constants, measured with (ε′phot(ω) and ε′′phot(ω))
and without (ε′dark(ω) and ε′′dark(ω)) photoexcitation of a sample, were substituted into
Equations (17)–(20).

The measured ε(ω) were approximated using the Lorentz–Drude–Smith formula,
accounting for the two known terahertz absorption resonances [37] in GaSe and the free
carrier contribution

ε(ω) = ε∞ +
ine2τ

ε0ωm∗(1− iωτ)

[
1 +

cb
1− iωτ

]
+

2

∑
j=1

ω2
pj

ω2
Tj−ω2 − iωγj

(21)

where ε∞ is the high-frequency dielectric constant, τ is the momentum relaxation time
and cb is the Drude–Smith parameter of backscattering [35],ωTj is the phonon resonance
frequency, ωpj is the phonon resonance amplitude and γj is the dumping constant. To
calculate the model dark and photoexcited total conductivities and the photoexcited carrier-
induced complex conductivities, the model dependencies ε′phot(ω), ε′′phot(ω), ε′dark(ω)
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and ε′′dark(ω), according to (21) with the obtained fitting parameters, were substituted into
(17–20).

The model dark and photoexcited complex conductivities of free electrons were calcu-
lated using the obtained (during fittings with Equation (21)) fitting parameters substituted
to the Drude–Smith formula [35]:

∆σ(ω) =
∆ne2τ

m∗(1− iωτ)

[
1 +

cb
1− iωτ

]
(22)

Also, the charge carrier mobilities were estimated using the obtained τ values as µ = τe/m*.
The values m* = 0.17 me [44] for the motion of the charge carriers in the GaSe layer planes were
used, where me is the free electron mass.

3. Results and Discussion

The obtained optical transmission spectra for the as-grown and electron-irradiated
GaSe samples are shown in Figure 2a. Two absorption bands (looking like “steps”) are
clearly seen on the transmission (Figure 2a) and absorption spectra (Figure 2b). The similar
spectral features (“steps”) were previously observed in another representative of the III–VI
class after neutron irradiation [24]. The absorption intensities for these two absorption
bands definitely increase with increasing fluence (Figure 2a), while their spectral posi-
tions do not change. This testifies to the increase in the defect center concentration at
increasing irradiation fluence, but not their type or charge state. On the absorption spec-
trum, calculated according to Equations (1) and (2), of the GaSe sample irradiated with
Φ = 5 × 1017 cm−2 for various temperatures in the interval of 9.5–300 K, it can be seen
that the lower-energy absorption band shifts toward lower photon energies at increasing
temperature while its intensity decreases. The second (higher-energy) absorption band
almost does not change its spectral position. Its absorption intensity looks higher at lower
temperatures, but this can be an effect of the first absorption band, which overlaps with
the second one at low temperatures. The fundamental absorption edge shift to higher
photon energies at decreasing temperature is also clearly seen in Figure 2b. We performed
fitting with Equation (4) of the absorption spectra of the electron-irradiated GaSe sample
(Φ = 5 × 1017 cm−2), measured at temperatures of 9.5 and 300 K (Figure 2c). The obtained
fitting parameters are given in Table 2. Contrary to the hydrogen model (employed also
in [24] to describe the absorption “steps” in neutron irradiated GaS), in the employed
model relation, the spectral position of the maximum absorption intensity does not match
the photon energy of the supposed transition (EA) from the energy level in the forbidden
band to the energy band but is located at h̄ω = 6·EA/5. It is seen that the model provides a
satisfactory description of the observed spectral features (Figure 2c). The main discrepancy
is between the experimental and the model curves in the spectral range of 1.8–2.09 eV
for T = 9.5 K. The use of the dispersion relation no(λ) [37] in Equations (1) and (2) when
calculating the absorption coefficients α(λ) from the measured transmission spectra T(λ)
can be among the possible reasons. This dispersion relation is determined for room temper-
ature and may deviate from a real dispersion of the refractive index at low temperatures,
especially in the range above 1.8 eV, close to the room temperature band gap of GaSe. As
can be seen from Table 2, the defect ionization energy for the lower-energy absorption band
shifts to a lower photon energy at increasing temperature, while the absorption intensity
of this band decreases. The defect ionization energy for the absorption band, observed at
higher photon energies, almost does not change, while the absorption intensity increases
on the contrary. Thus, the observable higher absorption intensity of the second “step” at
the low temperature in Figure 2b is explained by the first absorption band contribution.
Since there is absorption intensity “transfer” from the first (second) absorption band to
the second (first) at increasing (decreasing) temperature (see Table 2), the involvement of
a multiple charge defect could be supposed. We suppose that these could be the defect
states induced by Ga vacancies in two charge states, having the energy positions at 0.23 and
0.61 eV above the valence band maximum (VBM) at T = 300 K (Figure 2d). This hypothesis
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is supported by the results of Refs. [30,45], where the acceptor state at 0.2 eV above the VBM
was found in GaSe and attributed to the presence of Ga vacancies. Having the results of the
fitting of the absorption spectra of the electron-irradiated GaSe sample (Φ = 5 × 1017 cm−2)
(Figure 2c) and keeping in mind that the absorption coefficient provided by each of the
two defect states equals ξ·N, where N is the concentration of the defect, we calculated the
supposed concentrations of defects in each of the V−1

Ga and V−2
Ga charge states at T = 9.5 and

300 K (Table 2). The Gibbs distribution function was used (see the Supplementary Materials
for details) [46]. According to the calculations, the concentrations of the defects in the two
charge states (as specified in Table 2) at T = 300 K are provided at the Fermi-level position
at (~0.2 kT below) the defect state at 0.61 eV above the VMB at a total defect concentration
of about 7.3 × 1017 cm−3. The obtained value of the total VGa concentration is reasonable
for Φ = 5 × 1017 cm−2. Analogously, the concentrations, specified in Table 2, of the defects
at T = 9.5 K are provided at a Fermi-level position at (~1.8 kT above) the defect state at
0.57 eV above the VMB at a total defect concentration of about 7.5 × 1017 cm−3. Let us
recall that the CNL position in GaSe, according to the calculations, is about 0.8 eV above
the VBM [31]. The estimated position of the Fermi level for our experimental data is close
to this energy position but not exactly the same.
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Figure 2. (a)—Room temperature transparency spectra of the as-grown and electron-irradiated
GaSe crystals; (b)—optical absorption spectra for the sample irradiated with Φ = 5 × 1017 cm−2

measured at temperatures of 9.5 K, 15–40 K with a step of 5 K and 60–300 K with a step of 40 K;
(c)—experimental and fitting (the parameters are given in Table 2) optical absorption spectra for the
sample Φ = 5 × 1017 cm−2 measured at temperatures of 9.5 and 300 K; (d) supposed energy diagram
with the related optical transitions and energy positions of the defect states and the Fermi level for
electron-irradiated GaSe sample at temperatures of 9.5 and 300 K. The thicknesses of the samples and
the irradiation fluences are shown on the plots.
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Table 2. The fitting parameters obtained by fitting with Equation (4) of the optical absorption spectra
for the sample Φ = 5 × 1017 cm−2 measured at temperatures of 9.5 and 300 K and the estimated
concentrations of defects in each of the V−1

Ga and V−2
Ga charge states.

Parameter 9.5 K 300 K

A1, cm−1eV5/2 930 (N = 6.4 × 1017 cm−3) 400 (N = 3.3 × 1017 cm−3)

EA1, eV 1.52 1.35464

A2, cm−1eV5/2 180 (N = 1.1 × 1017 cm−3) 690 (N = 4 × 1017 cm−3)

EA2, eV 1.69 1.72833

A3, cm−1eV−1/2 1947 1947

Eg, eV 2.09 1.96

The energy position of the V−1
Ga defect state rises together with the conduction band,

while the energy position of the V−2
Ga state with respect to the VBM almost does not change

(see Figure 2b–d and Table 2). Since the V−2
Ga induced states stay about 0.57 eV above the

VBM, the photon energy required for the electron transition to the conduction band from
these states increases when the temperature decreases.

It should be pointed out that the spectral shape of the observed spectra (Figure 2b,c)
can be more accurately reproduced by fitting with Equation (5). The results of these fittings
are provided in Figure S2a and Table S1 in the Supplementary Materials.

The proposed analysis (energy diagram) qualitatively explains the main observed
spectral features and temperature dependencies of the absorption spectra of electron-
irradiated GaSe crystals. Nevertheless, additional studies are required to more strictly
determine the possible defects and processes responsible for the observed absorption
bands. Intercenter transitions (to excited states of the defect in each charge state) as
well as intercenter transitions between closely located defects (like divacancies) can also
be involved.

As seen in Figure 3a, the observed radiation defects in GaSe are efficiently annealed.
We performed the fitting of the integral absorption intensity for both observed bands
(calculated according to Equation (6), the fitting parameters being obtained for the measured
absorption curves after each annealing; see Figure S2b in the Supplementary Materials)
using Equation (7) (Figure 2b). We considered the second-order recombination kinetics. We
still point out that the same experimental data can be approximated with the equation for
the first-order reaction. In real experimental conditions, both types of processes probably
occur. Thus, the obtained values of the activation energies of defects are approximate. It is
clearly seen that the activation energy is lower for the defect, responsible for the absorption
band with EA1 = 1.35 eV, which starts to anneal at a temperature as low as 100 ◦C (Figure 3a).
The absorption band with EA2 = 1.73 eV starts to anneal efficiently at about 300 ◦C. The
shape of the spectra does not change during annealing, which, in turn, can be evidence of
the absence of changes in related defect types (like changing distance between vacancies
and interstitial atoms, which could give various energies for intercenter transitions). On
the other hand, an existing influence of the defect charge state on its annealing efficiency
has been reported [47]. Thus, there is a possibility that the VGa defects, having different
charges, can be annealed at different temperatures (have different activation energies for
annealing, as seen in Figure 3b).

The obtained experimental and model temporal profiles of the nonequilibrium charge
carrier concentration for the as-grown and electron-irradiated GaSe samples are shown
in Figure 4a. The fitting parameters (of Equation (14)) are provided in Table 3. It can be
directly seen that the as-grown GaSe sample possesses a longer charge carrier lifetime
compared to the irradiated samples. Thus, the irradiated samples probably contain more
defects acting as efficient recombination centers. It is seen that the obtained b coefficient
values increase with increasing fluence, which testifies to the increasing role of Auger
recombination through defect states. It could be supposed that at electron irradiation,
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point defects are formed: first of all, Ga and Se vacancies, Se in the interlayer space and
interstitial Ga atoms. According to the first-principles calculations, the Se and Ga vacancies
can induce energy states close to the mid-gap (which usually act as efficient recombination
centers) [48]. It is believed that electron irradiation produces, first of all, vacancies, while
the interstitial atoms are easily annealed and clustered [28]. On the other hand, the DFT
calculations [48] were performed for higher concentrations of defects (~5.7 × 1020 cm−3)
than in our experiments (see Table 2), which is predicted by the limited size of the supercell.
Thus, a defect-induced band is formed in the considered structure [48].

Table 3. The data of OPTP measurements and related values of charge carrier motility and a, b and c
fitting parameters.

Sample L,
µm −∆T (t = 0)/T0

∆n (t = 0),
cm−3

µ,
cm2/V × s

a,
ps−1

b,
ps−1 cm3

c,
ps−1 cm6

as-grown 100 0.14 3.31 × 1016 46 1.9 × 10−6 2.7 × 10−21 1.3 × 10−37

Φ = 5 × 1016 cm−2 400 0.16 2.1 × 1016 20 7 × 10−7 3.2 × 10−21 2.6 × 10−36

Φ = 1 × 1017 cm−2 130 0.08 3.9 × 1016 16 3.6 × 10−7 3.4 × 10−21 8 × 10−36

Φ = 5 × 1017 cm−2 130 0.09 5.11 × 1016 15 3.7 × 10−7 3.6 × 10−21 1.8 × 10−36

Φ = 1 × 1018 cm−2 130 0.09 5.51 × 1016 14 3.6 × 10−7 4.4 × 10−21 4.1 × 10−36
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It can be mentioned that the method of decreasing the charge carrier lifetime would
be needed to produce materials for dipole terahertz emitters. It is also possible that the
irradiation with heavier particles or ion implantation [49] would produce more efficient
recombination centers with shorter trapping times than observed for the electron irradiation.
On the other hand, GaSe possesses a low charge carrier mobility (both static and at terahertz
frequencies, as discussed below), and, thus, the dipole emitter would not be efficient
compared to the GaAs-based structures [49].

The measured values of ∆T(t = 0)/T0 and the corresponding calculated values of µ
(from Equation (12)) are also given in Table 3. In Figure 4b–d, the black curves represent
the dependence τeff (∆n) according to Equation (13) for the as-grown and GaSe samples
irradiated with fluences of 5 × 1016 and 1 × 1018 cm−2, respectively. The red curves in
Figure 4b–d represent the effective charge carrier lifetime if radiative and Auger recombina-
tion are absent (b = c = 0 in Equation (13)). The green and blue curves, in turn, describe the
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cases of dominant Auger recombination via traps (a = c = 0) and dominant interband Auger
recombination (a = b = 0). The analogous plots for the rest of the samples are presented in
the Supplementary Materials (Figure S3a,b).
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nonequilibrium charge carrier concentration in the as-grown and electron-irradiated GaSe crystals;
(b–d)—related calculated injection level dependences of the efficient charge carrier lifetime with the
resolution into contributions from the different recombination mechanisms for the as-grown and
GaSe samples irradiated with fluences of 5 × 1016 and 1 × 1018 cm−2.

The increase in coefficient b after the irradiation (while coefficient a decreases) may
demonstrate that the Auger and SRH recombination pass through different defect states.
Coefficient c also increases after the irradiation (Table 3).

The terahertz dielectric constant spectra measured in the dark and at ∆t1 are presented
in Figure 5. The fitting curves obtained using Equation (21) are also shown. The plots
for ∆t2 are provided in the Supplementary Materials (Figure S4a,b). The fitting param-
eters are given in Table 4. During fitting, the following fitting parameters, m* = 0.17 me,
ωT1 = 3.7 THz, ωp1 = 212.2 GHz, γ1 = 65.7 GHz, ωT2 = 40.2 THz, ωp2 = 73 THz and
γ2 = 367.5 GHz. were fixed for doped and photoexcited samples; only Drude–Smith pa-
rameters and the high-frequency dielectric constant were varied (the latter was kept the
same for each sample irradiated with the same fluence). In Figure 5, the rigid-layer mode
at 0.58 THz [37] is clearly seen. Its amplitude and shape are not affected by the photoex-
citation or irradiation. The real part of the dielectric constant is almost the same for the
samples irradiated with different fluences while the imaginary part gradually decreases at
increasing irradiation fluence (Figure 5a,b). For the photoexcited samples, the comparison
is not straightforward, as different photoexcitation conditions were applied (see Table 1). In
general, the Lorentz–Drude–Smith model (Equation (21)) reproduces the experimental data
well. The measured and calculated dark terahertz spectra of the absorption coefficient and



Crystals 2023, 13, 1562 13 of 18

the refractive index calculated using Equations (15) and (16) are given in the Supplementary
Materials (Figure S5a,b).
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Figure 5. The terahertz spectra of real (a,c) and imaginary (b,d) parts of complex dielectric constant
measured in as-grown and electron-irradiated GaSe crystals in the dark (a,b) and at time delay ∆t1

after photoexcitation (c,d). Dotted lines—experimental data, solid lines—Lorentz–Drude–Smith
fitting (the fitting parameters are given in Table 4).

In Figure 6, the experimental and calculated real and imaginary parts of the dark and
photoexcited photoconductivity and free-carrier conductivity for the as-grown samples
and those irradiated with fluence Φ = 1 × 1018 cm−2 are plotted. The corresponding real
parts of total conductivity are also plotted in Figure 6a,c. The analogous plots for the rest of
the samples are presented in the Supplementary Materials (Figures S6–S8). The imaginary
parts of total conductivity are almost the same for the different samples and photoexcitation
conditions (the example is provided in Figure S9 in the Supplementary Materials). It is
seen that the contribution of the free-carrier conductivity (calculated with Equation (22)
using parameters from Table 4) to the total conductivity of GaSe is dominant, except for
the region about the phonon resonance. The difference between the total conductivity and
the free-carrier conductivity still increases with increasing frequency. The dark conduc-
tivity decreases with increasing irradiation fluence. Both real and imaginary parts of the
conductivity increase with increasing photoexcitation level. For the imaginary parts of the
conductivities, only model curves are plotted in Figure 6b,d for a clear presentation (the
difference between the curves is comparable to noise). The highest terahertz conductivity
is observed in the as-grown GaSe. The terahertz conductivity decreases after electron
irradiation. This follows the behavior of the static conductivity, as usually at high-energy
particle irradiation (at not extremely high fluences), the Fermi level in semiconductors
moves to the CNL and the conductivity reduces [28,50].
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Table 4. The Lorentz–Drude–Smith model fitting parameters (m* = 0.17 me, ωT1 = 3.7 THz,
ωp1 = 212.2 GHz, γ1 = 65.7 GHz,ωT2 = 40.2 THz,ωp2 = 73 THz, γ2 = 367.5 GHz).

Sample L,
µm

Photoexcitation
Delay

µ,
cm2/V·s ε∞ n, cm−3 τ,

fs cb

as-grown 100

dark 47 7.44 8.32 × 1015 4.5 −0.58

∆t2 30 7.44 1.66 × 1016 2.9 −1.2 × 10−4

∆t1 40 7.44 3.31 × 1016 3.9 0

Φ = 5 × 1016 cm−2 400

dark 21 7.52 7 × 1015 2 −0.12

∆t2 32 7.52 1.05 × 1016 3.1 0

∆t1 29 7.52 2.1 × 1016 2.8 0

Φ = 1 × 1017 cm−2 130

dark 17 7.5 6.2 × 1015 1.6 0

∆t2 22 7.5 1.95 × 1016 2.1 0

∆t1 21 7.5 3.9 × 1016 2 0

Φ = 5 × 1017 cm−2 130

dark 16 7.53 5.32 × 1015 1.5 −0.07

∆t2 15 7.53 2.55 × 1016 1.4 0

∆t1 16 7.53 5.11 × 1016 1.5 0

Φ = 1 × 1018 cm−2 130

dark 15 7.44 4.32 × 1015 1.4 0

∆t2 18 7.44 2.76 × 1016 1.7 0

∆t1 15 7.44 5.51 × 1016 1.4 0
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Figure 6. The terahertz spectra of real parts of the total conductivity, photoconductivity and free-
carrier conductivity (a,c) and imaginary parts of photoconductivity and free-carrier conductivity
(b,d) measured in the dark and at delays ∆t1 and ∆t2 after photoexcitation for the as-grown GaSe
and that irradiated with fluence Φ = 1 × 1018 cm−2. Dotted lines—experimental data, solid lines—
Lorentz–Drude–Smith fitting (the parameters are given in Table 4).
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It was found that the terahertz charge carrier mobility in GaSe decreases after the
electron irradiation. The low-frequency charge carrier mobility in GaSe also decreases
at doping [6]. This is expectable, as both doping and electron irradiation induce defects.
It should be noted that the charge carrier mobility values (Table 3) obtained from the
measurements of the differential terahertz transmission after the photoexcitation are more
reliable. This is because it is difficult to measure the low terahertz absorption with a high
enough precision to determine the conductivity in high-resistivity samples.

4. Conclusions

In conclusion, optical absorption spectra of 9 MeV electron-irradiated GaSe crystals
were studied. It was found that two absorption bands with the low-photon-energy thresh-
old at 1.52 and 1.69 eV at T = 9.5 K and at 1.35 and 1.73 eV at T = 300 K appear in the
transparency region of GaSe after the high-energy-electron irradiation. It was revealed
that at changing temperatures the absorption intensities of these absorption bands possess
inverse variation. To explain the observed experimental features, the observed absorption
bands were attributed to the defect states induced by Ga vacancies in two charge states,
having the energy positions at 0.23 and 0.61 eV above the valence band maximum at room
temperature.

The OPTP technique was employed to study the dark and photoexcited terahertz
conductivity and charge carrier recombination dynamics at two-photon excitation of as-
grown and 9 MeV electron-irradiated GaSe crystals. The terahertz charge carrier mobilities
were extracted from both the OPTP data and the Lorentz–Drude–Smith fitting of the di-
electric constant spectra. The determined terahertz charge carrier mobility values were
~46 cm2/V·s and ~14 cm2/V·s for as-grown and heavily electron-irradiated GaSe crystals,
respectively. The dependencies of the effective charge carrier lifetime on injection level
were determined with decomposition into contributions from various recombination mech-
anisms. It was found that GaSe possesses a long charge carrier lifetime (a~1.9 × 10−6 ps−1,
b~2.7× 10−21 cm3ps−1 and c~1.3× 10−37 cm6ps−1), i.e., τ~0.53 µs in the limit of a relatively
low injection, when the contribution from SRH recombination is dominant. The electron
irradiation of as-grown GaSe crystals reduced the charge carrier lifetime at a high injection
level due to Auger recombination through radiation-induced defects. The terahertz spectra
of dielectric constants of as-grown and electron-irradiated GaSe crystals were fitted using
the Lorentz model, with the Drude–Smith term accounting for the free-carrier conductivity.
It was found that the free-carrier conductivity makes the dominant contribution to the total
terahertz conductivity in GaSe crystals.

The obtained results indicate the possibility of reducing the high-frequency conductiv-
ity and terahertz absorption of GaSe crystals through electron irradiation. This could be
advantageous for the terahertz generation via difference frequency generation (DFG) or
optical rectification with lasers having a wavelength > 1 µm, where the near-IR absorption
produced by the irradiation-induced defects in GaSe is absent.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13111562/s1, Figure S1. Scheme of the experimental OPTP setup;
Figure S2. Experimental and fitting (the fitting parameters for Equation (5) in the main text are given in
Table S1) optical absorption spectra for the sample Φ = 5 × 1017 cm−2 measured at temperatures of 9.5
and 300 K (a); (b)—experimental and fitting (using Equation (4) in the main text) optical absorption
spectra for the sample Φ = 5 × 1017 cm−2 measured at 300 K after isochronal (10 min) annealing at
different temperatures; Figure S3. Calculated injection level dependences of efficient charge carrier
lifetime with the resolution into contributions from different recombination mechanisms for (a) the
GaSe sample irradiated with fluence of 1× 1017 cm−2 and (b) the GaSe sample irradiated with fluence
of 5 × 1017 cm−2. Figure S4. The terahertz spectra of real (a) and imaginary (b) parts of complex
dielectric constant measured in as-grown and electron-irradiated GaSe crystals at time delay ∆t2
after photoexcitation. Dotted lines—experimental data, solid lines–Lorentz–Drude–Smith fitting
(the fitting parameters are given in Table 4 in the main text). Figure S5. The terahertz spectra of
the absorption coefficient (a) and ordinary refractive index (b) measured in as-grown and electron-

https://www.mdpi.com/article/10.3390/cryst13111562/s1
https://www.mdpi.com/article/10.3390/cryst13111562/s1
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irradiated GaSe crystals (without photoexcitation). Figure S6. The terahertz spectra of real parts
of the total conductivity, photoconductivity and free-carrier conductivity (a) and imaginary parts
of photoconductivity and free-carrier conductivity (b) measured in the dark and at delays ∆t1 and
∆t2 after photoexcitation for the GaSe sample irradiated with fluence Φ = 5 × 1016 cm−2. Dotted
lines—experimental data, solid lines—Lorentz–Drude–Smith fitting (the parameters are given in
Table 4 in the main text). Figure S7. The terahertz spectra of real parts of the total conductivity,
photoconductivity and free-carrier conductivity (a) and imaginary parts of photoconductivity and
free-carrier conductivity (b) measured in the dark and at delays ∆t1 and ∆t2 after photoexcitation for
the GaSe sample irradiated with fluence Φ = 1 × 1017 cm−2. Dotted lines —experimental data, solid
lines—Lorentz–Drude–Smith fitting (the parameters are given in Table 4 in the main text). Figure
S8. The terahertz spectra of real parts of the total conductivity, photoconductivity and free-carrier
conductivity (a) and imaginary parts of photoconductivity and free-carrier conductivity (b) measured
in the dark and at delays ∆t1 and ∆t2 after photoexcitation for the GaSe sample irradiated with
fluence Φ = 5 × 1017 cm−2. Dotted lines —experimental data, solid lines—Lorentz–Drude–Smith
fitting (the parameters are given in Table 4 in the main text). Figure S9. The model terahertz spectra
of imaginary parts of dark total conductivity for the as-grown GaSe sample and total conductivity
for the GaSe sample irradiated with fluence Φ = 5 × 1017 cm−2 for delay ∆t2 after photoexcitation
(the fitting parameters are given in Table 4 in the main text). The curves of the imaginary part of the
total conductivity of the other samples and those measured at other photoexcitation conditions are
not plotted because they are very close to the ones shown. Table S1. The fitting parameters of the
optical absorption spectra, obtained by fitting with Equation (5) (in the main text), for the sample
Φ = 5 × 1017 cm−2 measured at temperatures of 9.5 and 300 K.
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