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Anomalous indirect carrier relaxation in direct band gap atomically thin gallium telluride
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We report ultrafast studies on atomically thin Gallium telluride, a 2D metal monochalcogenide that has
appeared to display superior photodetection properties in visible frequencies. Pump photon energy-dependent
spectroscopic studies reveal that photoinduced carriers in this direct band-gap material undergo indirect relax-
ation within ~30 ps of photoexcitation, which is at least an order slower than that of most 2D materials. Despite
the direct band-gap nature, slow and indirect carrier relaxation places this layered material as a prime candidate in
the multitude of atomically thin semiconductor-based photodetectors and highlights the potential for prospective

optoelectronic applications.
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I. INTRODUCTION

Due to the two-dimensional carrier confinement and high
mobility, multiple two-dimensional materials have been ex-
plored as prospective candidates for next-generation low-cost,
highly efficient, and low size, weight, and power photodetec-
tors [1]. The photodetection efficacy of a material is gauged
over the high photoresponsivity and fast response time of the
device.

In the continuous quest of optimizing the figure of merit,
i.e., sensitivity (D*) atomically thin III-VI metal monochalco-
genides (MMCs) of type MX (M = Ga, In, X = S, Se, Te)
have recently appeared as the front-runners displaying D*
of ~10° — 10" HzAW~! [2-4]. Gallium telluride (GaTe)-
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based photodetectors exhibit high photoresponsivity ~103 —
10°AW~! [2,5,6], which is orders of magnitude higher than
that of most of the transition metal dichalcogenides and other
2D materials [6—12]. A physical explanation of this extraor-
dinary photodetection sensitivity remained unexplained and
calls for an in-depth understanding of the fundamental carrier
dynamics of this material.

It is widely known that strong photoabsorption oscillator
strength and slow photogenerated carrier relaxation are the
main driving forces behind high photosensitivity in bulk or
low-dimensional materials. However, these are two mutually
exclusive requirements. A direct gap semiconductor offers
strong optical absorption, but fast (direct) carrier relaxation
and hence poor carrier collection probability. On the other
hand, an indirect gap material exhibit slow carrier relaxation,
but low absorption strength. Carrier relaxation timescale is
a crucial parameter to strike a balance for efficient carrier
collection and higher sensitivity (D*).

Here, we present the photoinduced carrier dynamics in
2D GaTe for the first time through femtosecond transient
absorption spectroscopy and elucidate, yet to be understood,

©2023 American Physical Society
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FIG. 1. (a) A schematic illustration of transient absorption spectroscopy of layered GaTe. (b) Atomic force microscopic image of 2D
few-layered GaTe and corresponding histogram plot of the flake heights depict an average 25 nm sample thickness of our 2D GaTe flakes.
(c) High-resolution transmission electron microscopic image of 2D GaTe. The upper right inset is a low-resolution image of a large and thin
flake. The two lower right insets display the crystalline structure of GaTe. Here the scale bar corresponds to 1 nm. Red circles identify defects
or vacancies. (d) The linear absorption spectrum of a few-layered GaTe in the visible region. The inset display a magnified spectrum in the
wavelength range of 675 nm to 815 nm. Two excitonic absorption peaks (X; and X;) are observed in this region. (e) Tauc’s plot for a direct
band gap of a few-layered GaTe identifies three direct bands around 1.6 eV, 1.8 eV, and 2,4 eV. (f) Schematic band structure of GaTe that
depicts three direct bands at separate quasimomenta and midgap defect levels.

efficient light-to-electricity conversion pathways. Broad tun-
ing of pump photon energy in the transient experiments
reveals that despite the direct nature of the band gap in 2D
GaTe, the photoinduced free carriers relax via indirect recom-
bination, which happens to be about an order slower than the
typical direct recombination timescales. Hence, unlike other
2D materials, GaTe presents a unique combination of the
two features required for efficient photodetection, i.e., direct
band gap and indirect carrier relaxation. Following the above
band-gap photoabsorption, while hot carriers cool down to
populate the band edge, a mismatch in the electron and hole
momentum results from unequal effective masses of electrons
and holes (heavy electrons, light holes). Therefore, unlike
most direct band-gap materials, different carrier cooling times
in valance and conduction bands eventually forbid fast, direct
electron-hole recombination. Moreover, we found that ele-
vated midgap defect states do not influence the free carrier
relaxation rates. Slow and defect-tolerant carrier relaxation
distinguishes GaTe from other 2D materials and explains the

reason behind exceptionally high photoresponsivity. Our pa-
per reveals the unique carrier dynamics of this class of direct
band gap indirect carrier relaxation 2D materials. It sheds light
on the prospects of the efficient optoelectronic applications of
this unique material.

II. RESULTS AND DISCUSSION

We have prepared layered GaTe flakes through a solvent-
based liquid-phase exfoliation [13] (see Ref. [14], Sec. S1).
As this paper aims to explore the application prospects of
the material, a scalable method of preparation [15] has been
chosen instead of mechanical exfoliation and chemical va-
por deposition (CVD) that lacks the essential scalability for
mass device fabrication. Figure 1(b) displays an atomic force
microscopic image of the prepared few-layered GaTe. The sta-
tistical height distribution reveals an average flake thickness of
25 nm [right panel of Fig. 1(b)]. High-resolution transmission
electron microscopy images of the prepared 2D flakes are
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shown in Fig. 1(c). The upper right inset shows a large flake
having a lateral dimension around hundreds of nm. Several
point defects are distinguishable from the high-resolution im-
ages in the lower right insets. We estimate a defect density
~10'" per cm? (about one order higher than earlier reports
in exfoliated and CVD-grown few-layered transition metal
dichalcogenides (TMDC) materials [16]).

All the optical measurements on layered GaTe dispersed
in a solvent (N, N-dimethylformamide) are performed within
10 h of sample preparation unless otherwise mentioned and
are repeatable. Additional discussion on sample stability can
be found in Sec. S4 of Ref. [14].

A. Steady-state absorption properties

The steady-state, linear absorption spectrum of few-
layered gallium telluride is obtained using a low-intensity,
broadband supercontinuum pulse, generated through focusing
800 nm, 50 fs pulse in a CaF; crystal [Fig. 1(d)]. A broadband
absorption in the wavelength range of 450 nm to 780 nm is
observed. Two weak absorption peaks are identified around
751 nm (E3P = 1.65 eV) and 773 nm (EzP = 1.60 eV). We
attribute these features to X, and X; excitons, respectively.
The weak excitonic effects, as indicated by the low absorption
oscillator strengths, originate from the low binding energies
(<20 meV) [17,18]. To identify the direct band-gap [19]
transitions, we present Tauc’s plot in Fig. 1(e). Few-layered
GaTe possesses a direct band gap around E?P = 1.6 eV. This
is consistent with previous reports [20-22]. We denote this
as the fundamental band gap (FBG). In addition, two direct
band gaps, E;lD =1.8eV and E;zD = 2.4 ¢V are observed. The
observation of two more higher-energetic direct band gaps is
consistent with the theoretically predicted multivalley nature
of GaTe. The absorption features in the visible region do not
follow exponential variation with photon energy ruling out
possibilities of Urbach tails in the visible frequencies [23].

As observed in the TEM images, some defects are
prevalent in the atomically thin layers of GaTe. Further inves-
tigation of absorption properties in the near-IR domain reveals
weak midgap absorption. Further details on the sub-band-
gap states are provided in Sec. S1 of Ref. [14]. Figure 1(f)
displays a schematic band structure of few-layered GaTe, as
we comprehend from the linear absorption spectrum. Valance
band global maxima (conduction band global minima) cor-
responding to FBG is denoted by VBM (CBM). We identify
other valance (VBM 1,2) and conduction band extrema (CBM
1,2) at different quasimomenta corresponding to E;° and

EZ band gaps. Theoretically calculated band structure [19]
of GaTe predicts the direct band gap of 1.65 eV at Z point
(FBG) and slightly higher band gaps at P and M points.
Therefore, observed E2P may originate from direct transitions
at P and/or M point (see S1 of Ref. [19]). A subsequent
higher-energetic direct band, with band gap ~3 eV, is ob-
served around the U’ point. We attribute this band to E;zD .
Note we often drop the superscript 2D for convenience while
denoting band gaps.

B. Photoinduced carrier dynamics

To understand the photoinduced carrier dynamics thor-
oughly, we perform transient absorption spectroscopy with

various pump excitation conditions. The sensitivity of our
setup is well-tested [24-27]. We tune the pump wavelength
from 400 nm (3.1 eV) to 800 nm (1.55 eV) and probe the
ultrafast changes in the optical spectrum. In this paper, we use
pump excitation fluence of order 10uJ/cm?. The excitation
density of the broadband supercontinuum probe is (at least
orders weaker) weak and does not excite the system and
only measures the change in the transition probabilities of
the material following pump excitation [28]. We measure the
differential absorption (AOD), given by

AOD(, 1) = A} 2 (A 1) — Aprobe (1), ey

where AP "' and Aprope signifies probe absorption in the pres-
ence andP absence of pump excitation, respectively.

First, we photoexcite layered GaTe with a 485 nm (=
2.55 eV) pump that possesses photon energy greater than the
three direct bands and ensures photoinduced carrier popula-
tion (both electrons in the conduction band and holes in the
valance band) in all three bands (band gaps E,, E ;1'3 ,and E ;213 ).
Figure 2(a) plots the color map of AOD as a function of probe
delay and probe wavelength in the visible region. Differential
absorption spectrum at a few chosen delays in Fig. 3(a) of
Ref. [14] further portrays the temporal evolution of the AOD
spectrum. We observe a broadband negative AOD feature at
lower wavelengths that extends up to ~560 — 620 nm, and a
positive absorption is observed at the higher wavelengths.

As the differential absorption spectra exhibit negative and
positive absorption features through a continuous and broad
range of wavelengths, the transient dynamics in the visible
frequencies are predominantly dictated by unbound charge
carriers and not excitons. Energetic positions of the nega-
tive AOD regions coinciding the direct band gaps E;°, EZP,
and EZP indicates state filling (also known as ground state
bleaching) of these band gaps through the pump-induced car-
riers. Existence of probe-induced nonlinear phenomena, like
stimulated emission, are discarded through repeated transient
measurements with varying probe intensities. We do not ob-
serve any difference in the differential absorption spectrum
while changing the probe intensity by an order. Therefore,
we rule out (probe-induced) stimulated emission as the origin
of negative AOD, which further confirms the aforesaid state-
filling effect in the direct bands.

On the other hand, the positive AOD feature usually orig-
inates from photoinduced absorption due to excited state
absorption (ESA). Pump excitation populates an intermedi-
ate state and the probe enables a further transition from this
state to the deeper levels of the conduction band. Therefore,
the temporal evolution of the ESA identifies the dynamics
of the intermediate state. To investigate the energetic dis-
tribution of the ESA, we also perform transient absorption
measurements in the near-infrared region up to 1.35 um and
observe a featureless positive AOD [see Fig. 2(b)] response
corresponding to ESA. As evident from the contour plots in
Figs. 2(a) and 2(b), the temporal evolution of AOD from
600 nm to 1300 nm is dominated by ESA that follows similar
dynamics throughout the broad spectral range. Figure 2(e)
provides more demonstration; similar dynamics at 750 nm
and 1275 nm probes are discernible from the plot. The next
section elaborates on the carrier dynamics that eventually help
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FIG. 2. (a) AOD spectral map at (a) visible (b) near infrared probe wavelengths corresponding to 485 nm pump excitation (fluence:
22 wJ /cm?) for probe delays —2 ps to 5 ps. Temporal evolution of AOD corresponding to (c) 508 nm and (d) 750 nm probe wavelengths. Insets
plot the AOD versus delay at the initial probe delays (up to 35 ps). (€) AOD variation with delay for various probe wavelengths ranging from
504 nm to 1275 nm. (f) Decay-associated amplitudes corresponding to state-filling (A,) and excited-state absorption (A;) as obtained from
global analysis of the transient absorption spectrum in the visible region.

to throw more light on the intermediate level, which enables
the broadband ESA effect.

The following discussion on photoinduced carrier dynam-
ics is divided into three subsections, particularly elaborating
on (1) overall carrier relaxation rates, (2) the nature of
electron-hole recombination: direct or indirect, and (3) the
role of defect states in carrier dynamics in GaTe.

1. Carrier relaxation

The temporal evolution of differential absorption cor-
responding to the negative and positive AOD feature,
particularly at 508 nm and 750 nm is presented in Figs. 2(c)
and 2(d). Typically, in layered semiconductors, free carriers
recombine nonradiatively through defect-assisted recombina-
tion and electron-hole recombination, which follow first-order
(mono-molecular) and second-order (bimolecular) decay ki-
netics, respectively [29]. The electron-hole recombination,
whether direct or indirect (e.g., phonon-assisted), follows
second-order recombination. To identify the order of the re-
laxation processes, AOD~! versus delay variation is followed
[30]. Figure 5 in Ref. [14] plots the same at 515 nm and
750 nm probe wavelengths. AOD~! follow linear variation
with probe delay in both cases. This indicates second-order
electron-hole recombination dominates the carrier dynamics
[30]. To probe the specific rate constants, AOD dynamics
corresponding to state filling and ESA are modeled as follows:

Ai(1 — ekt
AOD(A,t) = ——————;A =750 nm (2a)
1 — kNt
2 ’
= —F———+4500 IRF; A = 508 nm,
<l—k2N0t+ 2 ())* nm

(2b)

where A;, As, and A}, are amplitude constants and Ny and
Nj are the photoexcited carrier densities participating in state
filling and ESA. k| incorporates the rise-time constant for the
slow rise of the AOD response in the ESA region. k, and &
are second-order electron-hole recombination constants that
dictate the decay of state filling and ESA, respectively. The
nonvarying offset in AOD values at longer delays, specifically
in the lower wavelength region corresponding to state-filling
effect [see Fig. 2(c)], suggests a contribution of slower decay
process (few ns or longer). To incorporate this in the numerical
fitting, we include a step function [®(0)], as this effect is
practically constant in the timescales that we are interested
in. Note that the rising part of ESA is considered through
(1 —e8") term in the numerator, yet the rise time of the
state-filling effect is assumed to be IRF (instrument response
function) limited. This assumption simplifies the problem
without affecting the decay parameters for the following two
reasons: (1) The rise part of the |AOD| in the state-filling
region is dominated by coherent artifacts due to possible
cross-phase modulation [31,32] and displays nontrivial oscil-
lations instead of a monotonic rise (see Sec. S2.3 of Ref. [14]
for a general discussion on coherent artifacts). However, these
coherent effects are not applicable to relaxation dynamics. (2)
AOD reverts at much slower dynamics compared to its fast
(yet not instantaneous) appearance. Hence, the assumption in
the rising part of the AOD does not affect the decay param-
eters for carrier relaxation. The solid lines in Figs. 2(c) and
2(d) represent the fitted curves that follow the scattered plots
corresponding to the experimental data. Fitted parameters are
mentioned in Tables I and II.

Interestingly, k>Ny and k,N), i.e., the product of second-
order recombination rate constant and injected carrier density
corresponding to state filling and ESA differ by one order.
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TABLE 1. Fitted parameters corresponding to excited state
absorption.

A (nm) k) (ps7h)

750 44+0.7

KNG (ps™) Ay

—0.44 £0.03 0.008 £ 0.004

This observation suggests that ké > ko, that is, the recom-
bination rate constant of the electronic levels associated with
ESA is higher than that of state filling. This observation indi-
cates that the electronic level participating in the state-filling
effect is not acting as the intermediate state for the ESA.
Hence, it is evident that conduction band levels corresponding
to E;D, Egle ,and E ;2]3 band gaps do not contribute as the in-
termediate state for ESA. Therefore, the midgap defect levels
are attributed to these intermediate states.

As observed in Figs. 2(a) and 2(b), GaTe displays a sign
reversal of AOD as one moves from lower to higher wave-
lengths. To highlight the initial dynamics in the state filling,
ESA, and the intermediate spectral region, AOD up to 7 ps is
depicted for different probe wavelengths ranging from 504 nm
to 1275 nm in Fig. 2(e). In the case of the intermediate wave-
lengths (561 nm, 592 nm, 640 nm), the initial AOD dynamics
displays a superposition of slower state-filling dynamics and
faster ESA dynamics. To confirm this, a global analysis is
performed that identifies the spectral attributes of the ESA and
state-filling effect and, specifically, their spectral overlap (see
Sec. S3, Ref. [14]). The relative spectral contribution of the
two effects is clearly identified and is presented in Fig. 2(f).
The onset of the state-filling effect is around 750 nm, i.e.,
~1.65 eV, nearly the same as the predicted band gap EgD.

State-filling effect of the higher energetic bands (E;7, E
are present in the lower wavelength regions.

2. Electron-hole recombination: Direct or indirect?

Few-layered GaTe is a direct band-gap material. The Tauc
analysis of the linear absorption spectrum also suggests the
same. From the photoinduced state-filling dynamics, we con-
firmed that the photo-induced carriers undergo second-order
recombination.

State filling of any absorption band stems from either one
or both of the following: population of the valance band
through photoexcited holes and the population of the con-
duction band through photo-excited electrons [25,33]. Hence,
the roles of both types of charge carriers are not guaranteed
in the transient dynamics. Hence, the observed second-order
recombination may arise from direct or indirect electron-hole
recombination (i.e., electrons and holes reside in conduction
and valance band of different valleys before recombination).
In case the recombination process is direct, the second-order
carrier relaxation can only be observed while the material is
excited with pump photon energies at least equivalent to the

TABLE II. Fitted parameters corresponding to state filling.

A(mm) kN (ps™!) Ay A,

508 —0.043 £ 0.003 —0.0029 £ 0.0005 —0.00046 £ 0.00004

absorption band. To have an insight into the nature of the
recombination process, the pump photon energy is tuned in
a broad range (400 nm to 750 nm = 1.65 eV to 3.1 eV)
and the state-filling dynamics, especially in the band E’ is
investigated. Figure 3(a) presents the AOD spectra at 1 ps
delay followed by different pump excitation, A,: 400 (flu-
ence: 32uJ/cm?), 485, 650, 700 (fluence: 22 uJ/m?), and
750 nm (fluence: 24 uJ/cm?). AOD spectra appear to have
very similar state fillings and ESA features irrespective of
the pump wavelength. In each case, the state-filling effect
is maximum in the wavelength range of 500 nm to 600 nm
(also see Fig. 5, Ref. [14]). Notably, we did not observe
any transient response of GaTe following 800 nm (1.55 eV)
excitation, which is below the FBG. The state-filling and
ESA features in the differential absorption spectra appear
irrespective of the pump photon energy, provided the pump
photon energy is above the FBG. It is quite intriguing that
state filing in Eg} appears even when the pump photon has
less energy than the corresponding band. As we observe
similar AOD amplitudes for above and below band (E;zD)
excitation with similar fluence, we exclude nonlinear, mul-
tiphoton absorption to be involved in the observed transient
response corresponding to the lower energy photons. The
appearance of the state-filling effect in the absorption band(s)
following the below band-gap excitation can be explained by
the pump-induced population of holes in the valance band;
however, energy conservation precludes electrons from pop-
ulating the corresponding conduction band level through the
vertical transition. All the below-band-gap pump photon en-
ergies utilized in this experiment enable electronic transition
at least in FBG, i.e., E;D (from global valance band maxima
to global conduction band minima). Photoexcited holes in the
different valleys in valance bands VBM, VBM 1, and VBM
2 [see Fig. 1(f)] corresponding to the direct bands (Eg, Eg,
E) introduce state filling. Similarly, the population of defect
levels at all A,ump enables ESA in the deeper conduction band
levels.

We investigate the effect of pump photon energy on the
initial build-up of the state-filling effect. AOD dynamics cor-
responding to different pump excitations at 508 nm probe up
to 7 ps probe delay are observed in Fig. 3(c). It is interesting
to note that in the presence of 400 nm and 485 nm pump
excitation, AOD builds up with approximated time constants,
7, =0.7+0.2 ps and 7, = 0.5 £ 0.2 ps (obtained by fitting
a single exponential function to AOD from O ps to 2 ps, ne-
glecting the coherent artifacts). On the contrary, AOD peaks
instantaneously (the underlying mechanism is faster than the
instrumental response function of 150 fs) with respect to the
temporal overlap of the pump and probe pulse while the pump
wavelengths are tuned to 650 nm and 750 nm. Both 400 nm
and 485 nm excitation is blue-detuned to E§2D by 0.66 eV
and 0.12 eV, respectively, and, hence, excites hot electrons in
the FBG (E2). Therefore, the rise-time components t, are
attributed to carrier cooling [34]. However, the red-detuned
pump photon energies do not lead to hot carrier formation.
The fast appearance of AOD in the presence of lower energy
excitation is in line with our hypothesis that photo-induced
holes introduce the transient response and no carrier cooling
is involved in these scenarios [a schematic is presented in
Fig. 3(e)].

075429-5



MANOBINA KARMAKAR et al.

PHYSICAL REVIEW B 107, 075429 (2023)

(a) Energy (eV) (C) (d) 0 5 10 15 20
2.48 2.07 1.77 1.55 0 2 4 6 0 ‘ . ‘
o 400 nm (3.1eV) ‘ ' ® : : ; : < ° Mpump? 485 NM, Aprgpet 508 nm
Q00051 | 4z50m 2560V o 00 : - Q-1 1
ol ( ) 9 Kpump: 400 M (3.1 €V) 3 e
<10.000 " 2 R \T\f> 1 <Ll o
p—— 650 nm (1.91 eV) = o ok . . .
- : : : o 1.0t ‘ 555" o . - Apump: 700 M, A ope: 508 nm
qoos| @ e | 3 - — 3,
8 - nm (1.65 eV) S 0.0 et hoump: 485 1M (256 eV) 1 Q
- Y il £ 05} 1 -4r ‘ . ‘ ]
c 0 o
' ; ‘ ' O GRS AE, 0 5 10 15 20
200 500 700 g0 K -0} % %@mw@c@@&?@@%&w Delay (ps)
Probe wavelength (nm) 10 _65‘0 " 91' ] vy P
(b) g . . . . . . . © pump* (1.91eV) (e)
%9 |% * Ayt 485 M (2.56 eV) o) b
a S [F Kpump: 700 N (1.77 &V < ®
M 3 °
N . Probe
3 3 = 00/% Mpump: 750 N (1.65 eV) Pump Probe o o
= N
st £ o5}
[ p O o
(¢} -1.0F O
z3 ,
8’1 1 0 OJ

10 15 20 25 30 35
Delay (ps)

0 5

Delay (ps)

FIG. 3. (a) AOD spectrum at 1 ps probe delay following different pump excitations (indicated in the legend). (b) Normalized AOD decay
dynamics at 508 nm (2.44 eV) probe wavelength upon 485 nm (2.56 eV) and 700 nm (1.77 eV) pump. (c) Normalized AOD dynamics at
508 nm probe wavelength up to 7 ps probe delay corresponding to 400 nm, 485 nm, 650 nm, and 750 nm pump excitation. (d) AOD~! versus
probe delay corresponding to 508 nm probe following 485 nm and 700 nm pump excitation. (e) A schematic model describing photoexcitation

conditions for above-band and below-band pump excitations.

To highlight the carrier relaxation dynamics, normalized
AOD at 508 nm (= 2.44 eV), corresponding to 485 and
700 nm pump excitation, is plotted in Fig. 3(b). A fast decay
process (~ few ps) is present for A,ump = 700 nm in addition
to the slower decay process; the former remains absent in the
case of the 485 nm (see Fig. 4 of Ref. [14]). Further, it is
verified that this additional fast decay component at 508 nm
appears only when we tune the pump photon energy below
this band gap E.

As discussed previously, a linear variation of AOD~! with
probe delay indicates second-order recombination dynamics.
Hence, we compare the temporal dynamics of AOD™! at
508 nm (E;zD band) for above- and below-band excitation.
We identify deviation from linearity in the case of red-
detuned pump excitation. Figure 3(d) compares this variation
for 485 nm (= 2.56 eV, above Ey band gap) and 700 nm
(= 1.77 eV, below Eg band gap) pump excitations. Notably,
in the later case(s), AOD~! does not follow exponential be-
havior, either. This confirms the absence of defect-assisted
mono-molecular Shockley-Read-Hall (SRH) recombination.
Aiming for further quantitative comprehension of the fast
decay of the holes upon below-band-gap excitation and the
indirect nature of electron-hole relaxation, we turn to iden-
tify the decay constants and the range of wavelengths where
these components are prevalent. As the two timescales are
different by one order, a simple bi-exponential decay model
is employed to identify the two separate timescales,

AOD(t) = Ase 7 +Age™ %, 3)
where Ay and A denote two amplitude terms, and 7, and T
indicate a fast and a slow decay component. The second-order,

slower relaxation is approximated with the exponential func-
tion here. Although we are unsure about the order and nature
of the fast relaxation process, this assumption simply helps
to identify the rough timescale associated. Repeated analyses
for different probe wavelengths ranging from 470 nm through
575 nm allow us to map out the spectral dependence of the
two decay components. In this range of wavelengths, the
contribution from the ESA is insignificant, as confirmed in the
global fitting. Figures 4(a) and 4(d) depict the decay constants
in a broad range of probe wavelengths following 650 nm and
700 nm excitation, respectively. Wavelength-invariant decay
constants are found to have following values: 7 ~ 2 ps and
Ty, ~ 32 ps. Interestingly, the fast timescale (~2 ps) exactly
matches with the relaxation time of the excited state dynamics
mediated by the midgap states, that is ﬁ x oﬁ ~ 2.3 ps.
Therefore, we attribute this timescale to the recombination
of the pump-induced electrons in the mid-gap level with the
valance band hole states. Interestingly, the slower decay con-
stant nearly matches with the electron-hole relaxation time
(~ ﬁ A2 23 £ 2 ps), as found for above-E,, band-gap pho-
toexcitation (Table II). This slow decay (corresponding to
kaNo = —0.043 £ 0.003) is invariant in the state-filling rever-
sion dynamics regardless of the pump photon energy, as long
as there are photo-induced holes in the corresponding valance
band. This observation confirms that this carrier relaxation
pathway is predominantly indirect.

3. Relative contributions of defect-assisted fast recombination and
indirect, slow electron-hole recombination

The relative pre-exponential amplitudes, ny = /ﬁ and
—_— A.S 1
s = gix» are presented as a function of the probe
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FIG. 4. (a) Fast and slow decay constants in the state-filling region as a function of the probe wavelength while the pump wavelength is
650 nm. (b) Normalized pre-exponential factors (/amplitude) corresponding to the two decay time scales as a function of the probe wavelength.
(c) Schematic of the band diagram corresponding to 650 nm pump excitation. Pump-induced transitions are shown in dashed red arrows. Open
and filled circles indicate holes and electrons, respectively. Fast and slow carrier relaxation pathways are identified as orange and cyan curved

arrows. (d)—(f) Corresponding outputs for 700 nm pump excitation.

wavelength corresponding t0 Apump = 650 and 700 nm in
Figs. 4(b) and 4(e). These weighted amplitudes display the rel-
ative contributions of the defect-assisted hole relaxation and
indirect free electron-hole relaxation. Dynamics at different
probe wavelengths reflect the carrier (hole) population dy-
namics in different valleys. Notably, under 650 nm (700 nm)
photoexcitation, the contribution of the fast decay component
related to the defect state to valance band recombination de-
creases with increasing probe wavelengths and is absent in
the carrier dynamics above 540 nm (580 nm) probe (also see
Sec. S5, Ref. [14]). We illustrate the overall scenario, includ-
ing the defect-to-band and band-to-band recombination in the
presence of 650 nm and 700 nm pump excitation through
schematic band structures in Figs. 4(c) and 4(f).

The schematic band structure of GaTe shows the six dif-
ferent valleys in the conduction (CBM, CBM1, and CBM2)
and valance bands (VBM, VBM1, VBM2) related to Eg2D =

1.6eV,E;’ = 1.8 eV, and Ej> = 2.4 eV band gaps that dom-
inate optical absorption spectrum. The 650 nm (= 1.9 eV)
photoexcitation enables vertical electronic transition in CBM1
[right dashed arrow in Fig. 4(c)]. Although the electronic
transition from VBM?2 to CBM?2 is energetically forbidden
under 650 nm pump excitation, electrons from VBM2 may
directly or indirectly fill up the midgap states [see left-most
dashed arrow in Fig. 4(c)]. Such hole population leads to
reduced probe absorption due to the state-filling effect. Note
that the threshold of the fast decay component is around

2.3 eV, which nearly matches with E;zD, confirming the defect-

related recombination is relevant for E,, i.e., in VBM2. The
~ 0.1 eV redshift of the threshold value from Eg could
be attributed to band-gap renormalization effect [35]. These
holes in VBM2 recombine with the photoexcited electrons in
the midgap levels or the free electrons in the conduction band
minima (CBM and CBM1). As deduced numerically, these
processes occur at ~2 ps and ~32 ps, respectively. In the
case of 700 nm (= 1.77 eV) pump excitation, photon energy
is slightly redshifted with the band gap E . In contrast to
the 650 nm excitation, sub-band-gap defect levels may be
populated by the intense pump absorption [see dashed lines
in Fig. 4(f)], particularly away from the band edge of VBMI1.
Therefore, we observed small contributions of fast decay (1y)
in the wavelength range 540 nm to 580 nm. The 700 nm pump
enables the valance band to midgap state transition from the
VBM2 as well. Hence, 1y values corresponding to the probe
photon energy above 2.3 eV are similar to that of 650 nm
pump excitation. The main difference between Figs. 4(b) and
4(e) is the nonzero 1y below 2.3 eV in the later plot. This
arises due to VBMI to midgap transitions enabled by the
700 nm (1.77 eV) pump excitation. The nonvanishing tail of
the Tauc’s plot at the lower energetic region (below the FBG),
as depicted in Fig. 1(e) also supports the presence of such
midgap states. As our observations indicate, the slower relax-
ation timescale is not affected by the variation of the pump
photon energy. This suggests that the photoinduced carriers
promoted to the conduction bands always recombine through
slow, indirect processes.
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FIG. 5. (a) Steady-state photoluminescence (PL) spectrum of few-layered GaTe (with 405 nm laser excitation). The experimental data is
fitted by three Gaussian functions. (b) Schematic diagram of the phonon-induced radiative decay mechanism. (c) Left panel: Energy-momentum
distribution around U’ point of Brillouin zone that corresponds to the band E,. Scatter plots represent the data extracted from Ref. [19] and the
solid lines are the parabolic fits to the data. Right panel: Schematic energy versus density of states (DOS) corresponding to the band structure
in the left panel. Hole temperature is higher at any time before equalization of carrier and lattice temperature that takes hundreds of ps to ns
time. Hence, before complete carrier cooling, the carrier distribution in the valance band is broader than the electrons in the conduction band.
Indirect, phonon-assisted radiative recombination in this band, therefore, leads to a broad PL spectrum.

4. Reason for indirect carrier relaxation

To see whether the carrier recombination process is ra-
diative in nature, we perform steady-state photoluminescence
(PL) of the few-layered GaTe flakes. Figure 5(a) presents the
PL spectrum in the presence of 405 nm CW laser excitation.
A broad PL is observed in the spectral range ~ 1.8-2.8 eV.
Therefore, it is quite plausible that the second-order recombi-
nation of the free carriers is radiative in nature. The obtained
spectrum is fitted with three Gaussian peaks centered around
1.9 eV, 2 eV, and 2.4 eV. A broad, intense emission around
2.4 eV suggests radiative recombination of the carriers in the
E;zD band. The large broadening of the peak may originate
from phonon-assisted hot carrier recombination. Precisely,
the involvement of large momentum phonons enable radia-
tive recombination of carriers in a broad spectral range [see
Figs. 5(b) and 5(c)]. This again bolsters our conclusion of
indirect carrier relaxation in the direct band. The other two
peaks at 1.9 eV and 2 eV are offset by ~200 — 300 meV
with the direct bands E2P and E2P. We attribute these peaks
to phonon-assisted radiative recombination from CBM1—
VBM?2 and CBM — VBM?2 [Fig. 5(b)]. Notably, the steady-
state PL spectra is a time-integrated response. Time-resolved
PL spectra and temperature-dependent steady-state PL spec-

tra would provide further information on the involvement
of phonons in radiative recombination, which is beyond the
scope of this paper.

At this point, it is important to address the reason for an in-
direct carrier relaxation in GaTe. As per the DFT calculations
[19], the ratio of effective masses at the U’ point is :’;—:: =44,
hence, holes possess the dominant fraction of excess kinetic
energy, AE, = (hw — E;zD)(WfT%) =0.82 x (hw — E;zD).
Light holes possessing higher kinetic energy than the heavy
electrons need to emit more phonons than the electrons do
[see Fig. 5(c)]. Due to this mismatch of the electron and hole
effective masses, the quasimomentum of the two entities differ
at any instant in the temporal window from photoexcitation to
complete carrier cooling, leading to a negligible probability
of direct recombination. Therefore, the favorable path for car-
rier relaxation is indirect recombination, which involves the
absorption or emission of phonons.

5. Role of defect states in carrier dynamics

As highlighted in the previous section, carrier relaxation
dynamics in the few-layered GaTe are mostly dictated by
indirect electron-hole recombination. However, defect states
often have some contribution in the free carrier dynamics of
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probe following 650 nm excitation of the bulk and few-layered GaTe.

different valleys. To highlight the effect of defect density,
differential absorption in bulk and few-layered GaTe is com-
pared. Owing to the vacancy of atoms in the material surface,
midgap states are created [13]. The surface-to-volume ratio
in a 25-nm-thick flake (few-layered) is higher than that of a
150-nm-thick flake (bulk). Hence, the thick GaTe possesses
much less defect density as many defects are observed at the
surfaces. Figures 6(a) and 6(b) display the AOD spectra of
bulk and few-layered GaTe at two selected probe delays. No-
tably, the maximum of —AOD lies around 580 nm (*2.1 eV)
and 510 nm (&2.4 eV) in the bulk and few-layered sam-
ples that are consistent with the higher energetic band gaps
(E;lljlk and E;zD) as observed in Fig. 2(c) of Ref. [14] and
Fig. 1(e). Figure 6(c) compares the normalized AOD dynam-
ics at 508 nm of the two samples. The relaxation process in
the few-layered sample is slightly slower than the bulk one,
possibly due to the size-confinement effect in the former. If the
defect state directly affected the carrier relaxation, one would
expect faster carrier relaxation in the few-layered GaTe. As
displayed by Fig. 6(a), no ESA band is present in the visible
wavelengths. It is quite intuitive and expected, considering
the lower defect density in bulk GaTe. On a similar note,
this observation strengthens our attribution of the midgap
defect states to be involved as the intermediate levels in ESA.
Furthermore, a comparison of normalized AOD dynamics at
750 nm in Fig. 6(d) portrays the difference in bulk and few-
layered MMCs: bulk material displays state-filling dynamics,
whereas few-layered GaTe exhibits ESA dynamics.

III. DISCUSSION

This work explores carrier dynamics following ultrafast
optical excitation in a layered metal monochalcogenide-
gallium telluride. This multivalley semiconductor exhibits at
least three direct band gaps in the optical frequencies. How-
ever, interestingly, photoexcited carriers relax via indirect
radiative processes. The dominant timescale for the indirect
carrier relaxation is ~30 ps. In other atomically thin materials
(like TMDCs), optical excitation decays within sub-ps to few
ps timescales due to various defect-induced carrier capture,
exciton recombination, or exciton-exciton annihilation. Un-
like TMDC:s, relaxation dynamics in GaTe are slower, owing
to the absence of strong excitonic effects, higher-order car-
rier relaxation (like-Auger scattering), or fast carrier capture
in the defects that typically take place in sub-ps to a few
ps timescale [36-38]. The slow carrier relaxation in this di-
rect band material that possesses high absorption oscillator
strength is highly beneficial for efficient light-to-electricity
conversion.
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