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Abstract

®

CrossMark

Two-dimensional (2D) monolayer materials are interesting systems due to an existence of

optically non-active dark excitonic states. In this work, we formulate a theoretical model of an
excitonic Auger process which can occur together with the trap-assisted recombination in such
2D structures. The interactions of intravalley excitons (bright and spin-dark ones) and
intervalley excitons (momentum-dark ones) with deep states located in the energy midgap have
been taken into account. The explanation of this process is important for the understanding of
excitonic and photoelectrical processes which can coexist in 2D materials, like transition metal
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dichalcogenides and perovskites.
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(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, two-dimensional (2D) monolayer materials
are widely studied due to their unusual excitonic properties in
comparison to traditional three-dimensional (3D) structures.
For atomically thin layers, we can distinguish bright and dark
excitons. The formation of bright excitonic states occurs by
the spin-allowed optical absorption inside the same valley.
However, one can find also a different type of the intraval-
ley exciton, where an electron and a hole are Coulomb-bound
by the transition which is optically forbidden. For this case,
we say about a spin-forbidden dark excitonic state. Due to
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multiple maxima and minima in the electronic structure of 2D
materials, there is a possibility to form an exciton which con-
sists of an electron and a hole located in different valleys. Such
an intervalley excitonic state can be treated as a momentum-
forbidden dark exciton [1-9].

Atomically thin materials, like transition metal dichalco-
genides, are considered as promising candidates to produce
an efficient radiative recombination in optoelectronic and
photonic devices [3]. However, the existence of dark excitons
leads to decreasing of the luminescence efficiency. Recently,
a great attention has been focused on the usage of hybrid
organic—inorganic perovskites in photovoltaics and in light-
emitting diodes. Also for perovskites, it is possible to fabric-
ate thin 2D structures [10-12]. Therefore, a role of excitonic
states and their influence on photoelectric effects should be
fully understood.

During the growth process of 2D structures, many defects
can be created (vacancies, dislocations or impurities) [13].

© 2022 The Author(s). Published by IOP Publishing Ltd
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Some defects are responsible for an induction of midgap states
which serve as recombination centers for separated electrons
and holes. If a recombination via such a channel occurs, we
say about the trap-assisted or the Shockley—Read—Hall (SRH)
recombination [14, 15]. Recently, the recombination of charge
carriers through defects has been observed in 2D materials
[16, 17]. In addition, excitons can also be trapped by the defect
states in such atomically thin structures [18].

Another possible type of charge carriers recombination is
based on a three body Auger process. It has been shown
that such a phenomenon can coexist together with the SRH
recombination [19]. Also excitonic processes can be of the
Auger type. An excitonic Auger (EA) recombination via deep
states located in the midgap has been proposed to explain
experimental results for silicon [20]. Recently, this EA mech-
anism has been discussed for 2D materials [21]. It should
be mentioned that the EA recombination process via deep
states is different than a previously proposed effect, called the
phonon-assisted Auger recombination of excitons, which can
also occur in monolayer structures [22].

Recently, a coexistence of both the EA and the SRH pro-
cesses has been theoretically considered for 3D materials [23]
and for organic semiconductors [24]. In the case of photo-
electrical and optoelectronic devices based on 2D materials,
it is required to explain all possible mechanisms which influ-
ence both the recombination process of charge carriers and
the quenching of excitons. Therefore, the aim of this work is
to take into account the EA recombination of intravalley and
intervalley excitons which can occur together with the SRH
recombination. It should give a deeper insight into the elec-
trical and excitonic properties of monolayer structures.

2. Model

In the following, first we will briefly remind the well-known
SRH recombination of separated charge carriers [14, 15].
Next, the theoretical model of the SRH process combined with
the EA recombination mechanism is formulated for bright
and dark excitons in 2D structures. Here, we will use shorter
names to construct abbreviations for dark excitons (without
the word ‘forbidden’): spin-dark (SD) exciton and momentum-
dark (MD) exciton.

2.1. The SRH recombination

In the trap-assisted recombination model, free charge carriers
are captured by deep states which are located in the energy
band-gap. Let us assume that n and p are concentrations of
electrons in the conduction band and holes in the valence band,
respectively. We can define the capture rates E,, for electrons
and He,p, for holes as

Ecap:CnnNt(l _f) (D
and

Hcap = CppNtfa ©))

where parameters C, and C, are probabilities of the cap-
ture processes (capture coefficients) for electrons and holes,
respectively, N, represents a concentration of deep trap states
in the midgap and the parameter f describes the function which
informs about a probability that electrons occupy deep states.

Both types of charge carriers can be emitted from deep traps
to the conduction or to the valence band. The rates which char-
acterize such emission processes E.p, (for electrons) and H.p,
(for holes) can be written as

Eem = Cnnlle (3)
and
Hem: ppth(l_f)- (4)

Here, the concentrations for electrons n; and holes p; describe
a case when the trap level E; has the same position as the Fermi
level Ek. These concentrations are defined as

E.—E
n; = Neexp (— CkT t) ®)]
and
E —FE
plszexp(— T ) (©)

where the parameters N. and N, are the effective densities of
states associated with the conduction and the valence bands,
respectively, the energies E. and E, denote positions of the
edges for both bands, k represents the Boltzmann constant and
T is the absolute temperature.

The recombination rate to describe the trap-assisted type of
recombination is given by [14, 15]

2
int , 7
(n+m)+1.(p+p1) @

np—n

Usrn =

where the intrinsic concentration of charge carriers is defined
as

2 E
i = (NeNy) " exp ( - 2&) ®)

Here, E,, represents the bandgap energy, whereas the paramet-
ers 7, = 1/(N,C,) and 7, = 1/(N,C,) denote the lifetimes of
electrons (n) and holes (p), respectively.

2.2. The EA mechanism combined with the SRH
recombination

Excitons can also interact with deep states. In the EA
mechanism [23], the charge carrier from an exciton is captured
by a deep trap and, as a consequence, the opposite sign car-
rier is emitted from the same exciton to the exciton continuum
(which can be treated as the band for separated electrons or
holes). Therefore, these capture and emission processes are not
independent. For 2D materials, three types of excitons (bright,
SD and MD) can participate in such an Auger-type excitonic
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Figure 1. A diagram of all charge carriers transitions which occur in the presented EA and SRH mechanisms.

phenomenon. Figure 1 shows a schematic diagram of all trans-
itions which take part in both the EA mechanism and the SRH
recombination.

The rates for the capture of electrons from bright excitons
(E]gap), SD excitons (Eig) and MD excitons (Eg‘gl?), which are
equal to the emission rates of holes from bright excitons (HZ,),
SD excitons (H5D) and MD excitons (HMPD), respectively, can
be defined as

EP =AY XgN,(1—f) = HE,, )

cap —

ES = A XspNi(1 —f) = H3p

cap

(10)
and

EMP = AU XupNi(1 — f) = HYP, (11)

cap
where A]g”), Aé’ll)) and A](\Z])) represent probabilities of cap-
ture processes for electrons (capture coefficients) from bright
excitons, SD excitons and MD excitons, respectively, whereas
the parameters X, Xsp and Xyp denote concentrations of
bright excitons, SD excitons and MD excitons, respectively.
Now, we consider the capture of holes from excitonic states.
For the Auger excitonic mechanism, they are associated with
the emission processes of electrons from the same excitons.
Therefore, the capture rates of holes from bright excitons
(HB,,), SD excitons (H,)) and MD excitons (HY,) are equal
to electron emission rates from bright excitons (Egm), SD
excitons (EEB ) and MD excitons (Eg[“D), respectively. We can
write
HE = AP XgN,f=EB,,

cap

12)

HP = AP XN, f= ESD

cap

13)

and

HMD = AU XupN,f = EMP

cap em
where the capture coefficients A Ang) and A](\}'[’])) denote prob-
abilities of a capture of holes from bright excitons, SD excitons
and MD excitons, respectively.
Next, we take into account kinetic equations which describe
a change of the excitons concentrations in time (¢). There can
be several phenomena leading to the creation and the decay
of intravalley and intervalley excitonic states which are not
related to our model. For convenience, we write all rates for
these processes as the sums of different generation and decay
channels. Thus, the kinetic equations can be written as

(14)

aXB B B B B

= :ZG,. —ZR[ —ES, —HS,, (15)

aXSD SD SD SD SD
T :ZGi —ZRi — ESp — H3> (16)

and

OXwp _ SOGMP S RID D _ a7

ot - : i : i cap cap ?

A 1

where GB, G?® and GMP are the generation rates for bright
excitons, SD excitons and MD excitons, respectively, whereas
RB, R?P and RMP denote the decay rates for bright excitons,
SD excitons and MD excitons, respectively.

We can also write the kinetic equations for populations of
electrons and holes. Analogically to the previous case presen-
ted for excitons, all processes of generation or decay not
related to our model are written with the sum notation. Thus,
we obtain

CEOCAE ST

i i

(18)
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and

4
= :ZG,.(P) SR - v, (19)

l

where Gl(") and Gfp ) denote the generation rates for electrons

and holes, respectively, whereas Rf") and Rl(p) are the recom-
bination (or decay) rates for electrons and holes, respectively.

In the above equations, the recombination rates via deep
states for separated charge carriers are given by

Uy = Ecap — Eem — E5, — Eoh — EMP (20)
for electrons and
U, = Heap — Hem — HS,, — H3> — HAY 1)

for holes. Here, we should remind that the emission of a charge
carrier from the exciton to a continuum state occurs simultan-
eously with the transfer of an opposite sign carrier from the
same exciton to a deep trap. Therefore, both these transitions
are treated as the same process. In addition, there is an assump-
tion that other processes written with sums in equations (15)—
(19) do not require deep traps. For steady state conditions, we
can write that U, = U, = U.
The trap occupancy functions look as follows

f=(Con+ Copr + AL Xy + AL X + Alfh X

X |Cy(n+n1)+Cp(p+p1)+ (A]g”) +A](3p)>XB

—1

+ (A + A8 )Xo + (A + AR )X | 22)

for electrons and

1—f= (Cnm +Cop + A X5 + AY Xsp +A1(\’4’1)3XMD)

X | Co(n+m)+Cplp+p1)+ (Ag’) +Al(3”))XB

—1
+ (A + a8 ) Xsp + (A4 + A% )Xo

(23)

for the case of holes.

Now, we can find the formula which describes the effective
recombination rate of the SRH recombination which coexists
with the EA process in the form

2
ot : 24
T,j‘(n*+n1)+7',f(p*+p1) e

ok
U— n'p*—n

Here, the parameters n* and p* can be treated as effective con-
centrations. We obtain that

B nC,n
Comy + AL X + AL Xsp + AL Xy

*

n (25)

and

C
P = E=rts )

Cop1 + AS Xp + A Xsp + AU Xwp

The quantities 7, and 7, have forms

ni

= B ») ») @7
Nt(C,,nl +ABP XB +ASI;)XSD +ABZDXMD)
and
> P1 . 28)

p = n n n
Nt(cppl -l—A](3 ) X +A§D)XSD +A§/H)3XMD>

Apart from the simple situation with one type of bright
exciton and two types of dark excitons (spin- and momentum-
forbidden ones), one can expect an existence of more kinds
of intravalley and intervalley excitonic states which are asso-
ciated with the exact electronic structure of 2D materials.
For example, many combinations of MD excitons have been
recently found for WX, and MX, dichalcogenides [6] where
holes from dark excitons can be located in different valleys.
Considering such a case, it is easy to derive that then we should
replace terms in equations (25)—(28) in the following way

AbXwp — > A X (29)
ieMD—type
and
A](\Zl))XMD—> Z Al‘(,l]?\B[DXi,MDv (30)
i€eMD—type

where the summation is over all MD excitons which can inter-
act with deep states via the EA process.

3. Results and discussion

In order to show a usefulness of the presented model, we
will compare it with experimental results from the literature.
Although the EA mechanism via deep states has been dis-
cussed for 2D transition metal dichalcogenides [21], an experi-
mental evidence of this effect has not been clearly identified in
such systems. However, we can assume that both the SRH and
the EA processes can coexist together with other recombin-
ation mechanisms. Thus, the comparison between the model
and the experimental recombination results obtained for MoS,
monolayer [25] will be demonstrated.

In this experiment [25], the cw source of light has been used
for the illumination which means that the steady-state con-
ditions have been created. The applied wavelength (514 nm)
is associated with the photon energy of 2.41eV, which is
greater than an optical energy band-gap (counting to the first
bright excitonic level) and is also greater than an energetic dis-
tance to the Rydberg excitonic states [26]. Therefore, it has
been assumed that the photons excite electrons directly to the
exciton continuum (the conduction band for separated charge
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carriers). For this case, the steady-state generation rate of elec-
trons (G,) is equal to the sum of recombination rates for these
carriers [25]

Gn :RSRH+RR+RA :An+Bn2+Cn3, (31)

where Rsgry, Rr and R denote the SRH, the radiative and
the Auger recombination rates, respectively, whereas A rep-
resents the SRH monomolecular recombination coefficient,
B is the radiative bimolecular recombination coefficient and
C denotes the Auger trimolecular recombination coefficient.
Here G, = Gy, where G is the overall optical generation
rate.

We should remind that the concentration of electrons after
illumination of a material can be expressed as n = ny + An,
where ny denotes the concentration of electrons in the conduc-
tion band under the equilibrium conditions and An represents
an amount of electrons generated by incident photons. For the
case of a strong illumination, we can assume that ny < An, so
n~ An.

It is easy to show that the total carrier lifetime for electrons
T, (called the overall lifetime in [25]) can be found from an
expression

— =t —+—, (32)

where the SRH lifetime is given by Tsgy = 1/A, the radiative
lifetime can be written as 7 = 1/(Bn) and the Auger lifetime
is represented by 74 = 1/(Cn?).

However, we think that the excitons formation should not
be neglected for 2D layers. Therefore, our aim is to enhance
the above interpretation of experimental results by including
the generation and recombination excitonic effects with the
coexistence of both the SRH and the EA mechanisms. Thus, if
we consider a direct excitation of electrons to the conduction
band, the kinetic equations for electrons and excitons look as
follows

dn
E = Gopt - Gn,B - Gn,SD - Gn,MD - RR - RA - Un = Oa
(33)
dx
T[B = Gan — RB — E?ap — HEap - GB,SD - GB,MD = 0?
(34)
dXx
diD = Gusp — Rsp — Ecyy —Hop +Gsp =0 (35)
and
dX,
dl\:D = Gump — Ruip — Eggy — Heg + Gaup = 0. (36)

Here, the excited electrons relax non-radiatively to lower
excitonic states and create bright excitons, SD excitons and
MD excitons with the rates G, g, Gn,sp and G, mp, respect-
ively. The separated electrons can recombine via the radiat-
ive (Rg) and the Auger (Rp) processes. In addition, the SRH
recombination with the EA effect occurs with the rate U,. We
should note that the SRH recombination coefficient Rsry =

Ecop — Eery is included in U,. The capture of carriers from
excitons via deep states takes place for all types of excitons.
The excitonic states can also relax to ground states with the
rates Rg, Rsp and Ryp for bright excitons, SD excitons and
MD excitons, respectively. In addition, we should consider
the formation of SD excitons and MD excitons directly from
bright excitons with the rates Gg sp and Gg mp, respectively.
After a simple derivation, we obtain

Gopt = Rsru + Rr + Ra + Rp + Rsp + Rmp
+EB 4+ ESD 4 pMD (37)

cap cap cap *
In general, concentrations of electrons and all types of excitons
are not the same. However, we can estimate the overall effect-
ive lifetime in the form

1 1 1 1
+—+ . (38)

Teff Tn  TX  TEX

‘cap

Here, the total excitonic recombination lifetime 7x can be
found from equation 1/7x = 1/7x, + 1/7x¢ + 1/ x> Where
Txg> TXsp and 7x,,, represent the recombination lifetimes for
bright excitons, SD excitons and MD excitons, respectively.
The time TEX, describes the total lifetime of electrons capture
processes from excitons via deep states. Itis given by 1/ TEX, =
1/7-E5‘p +1/ Tesp + 1/ TEMD, where the lifetimes for the cap-
ture of electrons from bright excitons, SD excitons and MD
excitons can be expressed as 7gp = 1 / [Agl)N,(l =Nl T =

1/[A§'3N,(1 — /)] and Ty = 1/[A1(\Z]))N,(l —f)] respectively.

The total concentration of excitons is given by X = X +
Xsp + Xwmp- The relation between the concentration of charge
carriers and the total concentration of excitons X can be found
from the Saha equation [27]

d
np ([ pxkT\? _Eg
X <27rh2) eXp< kT>’ (39)

where the factor d = 2 is for 2D materials and d = 3 for 3D
structures, Ep represents the binding energy of excitons and
h denotes the Planck’s constant divided by 2x. The reduced
mass of exciton ux can be calculated from equation px =
mumy, [ (m, +my), where m, and m, are effective masses of
electrons and holes, respectively.

For 2D monolayers, all physical quantities are usually
expressed in 2D units. However, in the Salehzadeh ef al paper
[25], the generation rate G, has been calculated for a 3D
volume. Therefore, the recombination coefficients A, B and
C from equation (31) have been also determined in 3D units.
Thus, in order to compare the presented model with these
experimental results, we will use 3D units for all quantities.
As a consequence, the dimensional factor in the Saha equation
was chosen as d = 3.

Figure 2 shows the lifetimes of different processes drawn
as a function of the excitation power, which is linearly pro-
portional to the optical generation rate Gop.. The experimental
data of the radiative lifetime 7x, the Auger lifetime 75, the
SRH lifetime 7sgy and the total carrier lifetime 7, are taken
from figure 4 in [25]. These results were obtained for the
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Figure 2. The lifetimes as a function of the excitation power which is proportional to the optical generation rate. Results are given for the
temperature 83 K. The black closed squares, the red closed circles, the blue dashed line and the black solid line denote the experimental
values of 7a, Tr, Tsru and 7,, respectively. These data are taken from [25]. The green solid line, the red dotted line and the black open
triangles show TEX, > TX and e, respectively. The values of all parameters are written in main text.

temperature 83 K. We have calculated the concentrations of
charge carriers for different values of the generation rate from
equations (31) and (32) and used them to find the total con-
centrations of excitons from the Saha equation (39). The
exciton binding energy was taken as Eg = 0.22¢eV [28] for
all types of excitons. The effective masses of charge carriers
are m, = 0.49m, and m, = 0.52m, [29], where m, represents
the mass of a free electron. In order to get reasonable para-
meters, the calculated lifetime of SRH recombination (7sgry =
n/Usgrn) should be the same as the experimental lifetime.
We obtained N; =1.3 x 102?m™3, No=N, =3 x 10*m~?
and C, = C, = 1.4 x 1072 m*s~!. The energy band-gap for
separated electrons has been taken as E; = 2.4¢€V, which is
greater than an energetic distance to the Rydberg excitonic
states [26]. The position of E; is in the middle of this
band-gap.

In general, all coefficients associated with the carriers cap-
tures from excitons can have different values. However, there
are still no experimental results of these parameters for 2D
structures. Thus, for a simplicity, we can assume that all these
coefficients are the same Ag’) = Aé”D) = A](v'[% = Ag’ ) = Ag’ ) =
Al(\f;])) = 1.2 x 10~ m3s~!. It has been shown experimentally
[29] that the intrinsic radiative recombination time for excitons
is 1.8 x10~!2 s for T =7 K and the effective radiative lifetime
is 2.5 x10~? for T = 125 K. Therefore, we can assume that

7x =2 x 1077 s for 83 K. The green solid line and the red dot-
ted line seen in figure 2 show the lifetimes 7gx . and 7x, respect-
ively. Knowing them, we could determine the overall effective
lifetime from the relation (38). It is clearly visible that 7 is
in an excellent agreement with the experimental total carrier
lifetime for electrons 7,,.

We should note that, in general, all recombination coeffi-
cients for charge carriers and excitons are not constant. Their
values can depend on the temperature, the excitation density or
the type of a material. In the following, we will study the influ-
ence of temperature. Figure 3 illustrates the lifetimes associ-
ated with different processes presented as a function of the
excitation power (the optical generation rate Gop) drawn for
two temperatures 223 K and 373 K. The experimental values
of 7, are taken from figure S4 in supporting information of
paper [25]. The charge carriers recombination lifetimes 7x
and 75 were calculated from equations (31) and (32). For
these calculations, we used parameters B and C taken from
figure 3 (for the exciton mode A) in [25]. The Tsgry was the
same as for 83 K. Due to a lack of experimental results con-
cerning the carriers captures from excitons, we can assume
the temperature independent values of 7gx . The magnitudes
of the total excitonic recombination lifetime 7x have been
chosen as 3.5 x 107%s for 223K and 6 x 10~?s for 373K,
which values are reasonable with the experimental observation
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Figure 3. The lifetimes as a function of the excitation power which is proportional to the optical generation rate. Results are given for the
temperatures 223 K (a) and 373 K (b). The black closed squares, the red closed circles, the blue dashed lines and the black solid lines denote
the experimental values of 7o, Tr, Tsru and 7,, respectively. These data are taken from [25]. The green solid lines, the red dotted lines and
the black open triangles show TEX,» TX and e, respectively. The values of all parameters are written in main text.



http://mostwiedzy.pl

A\ MOST

J. Phys.: Condens. Matter 35 (2023) 015601

J Szmytkowski

[29]. Figure 3 shows that we obtained a very good agreement
between the calculated effective lifetime 7.4 and the experi-
mental overall lifetime for electrons 7,,.

It is seen that the relation (38) does not include the effect-
ive recombination rate U. However, the derived equation (24)
for this rate has a physical interpretation, which can be useful
to explain experimental results. Taking into account the life-
times from paper [25], we find that U is negative for temper-
atures 83 K and 223 K, whereas it is positive for 373 K. This
means that the EA mechanism dominates over the SRH effect
in lower temperatures and leads to a situation that more separ-
ated charge carriers are created from excitons than recombine
via deep states. The change of a sign for higher temperature
causes that the SRH recombination starts to play a dominant
role. Thus, knowing the value of U as a function of temper-
ature, we can determine an information about the main decay
mechanism via deep traps.

Additionally, one can find a temperature-dependent relation
which describes a population of bright and SD excitons. It can
be written as (see supplemental material of [30])

oo(-3)
2+Zexp(—k%>

where A represents the energy difference between bright
and SD excitons. The splitting between these intravalley
excitonic states has been theoretically studied for MoX, and
WX, monolayers [31]. Equation (40) is a consequence of the
intravalley scattering observed in 2D structures. The above
expression could be useful for further detailed studies. How-
ever, it was not applied here due to an unknown relation
with the population of intervalley MD excitons. The temper-
ature dependent relative concentrations of intravalley excitons
(bright and SD ones) can influence on the EA process. There-
fore, it should also impact on the temperature dependence of
the rate U.

The other important recombination channel is an exciton—
exciton annihilation, which can occur in 2D transition metal
dichalcogenides [32, 33]. However, this effect takes place
without trap states. Thus, it does not change the final expres-
sion of the recombination rate U. In addition, the influence of
this annihilation mechanism is also neglected for the effect-
ive lifetime 7¢. For the steady state case (when all derivatives
over time are zero), the terms associated with this process can-
cel each other out in kinetic equations. Therefore, the annihil-
ation lifetime is not included in the relation (38).

Xg = (X + Xsp) ) (40)

4. Summary

We have formulated the theoretical model which describes the
EA recombination via deep states with a coexistence of the
trap-assisted recombination in 2D monolayer materials. The
impact of bright and dark excitons on the recombination rate
has been taken into account. The explanation of this effect can
be useful to describe photoelectrical and excitonic processes
in optoelectronic and photonic devices based on 2D structures,
like transition metal dichalcogenides and perovskites.
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