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Trion ground state, excited states, and absorption spectrum using electron-exciton basis

Shiue-Yuan Shiau,! Monique Combescot,? and Yia-Chung Chang*
'Research Center for Applied Sciences, Academia Sinica, Taipei, 115 Taiwan
2 Institut des NanoSciences de Paris, Université Pierre et Marie Curie, CNRS, 4 place Jussieu, 75005 Paris, France
(Received 8 May 2012; revised manuscript received 16 August 2012; published 24 September 2012)

We solve the Schrodinger equation for two electrons plus one hole by writing it in the electron-exciton basis.
One advantage of this basis is to eliminate the exciton contribution from the trion energy in a natural way.
The interacting electron-exciton system is treated using the recently developed composite boson many-body
formalism, which allows an exact handling of electron exchange. We numerically solve the resulting electron-
exciton Schrodinger equation with the exciton levels restricted to the lowest 1s, 2s, and 3s states, and we derive
the trion ground-state energy as a function of the electron-to-hole mass ratio. This restricted electron-hole basis
already gives results in reasonable agreement with those obtained through the best variational methods using
free carriers. The main advantage of the electron-hole basis is to allow us to reach the bound and unbound trion
excited states as easily as the ground state. Through the trion wave functions, we also derive the optical absorption
spectrum in the presence of hot carriers for two-dimensional quantum wells. We find large peaks located at the
exciton levels, which are attributed to electron-exciton (unbound) scattering states, and small peaks identified

with trion bound states.
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I. INTRODUCTION

Trions, i.e., charged composite particles made of two
electrons plus one hole (X ™), or two holes plus one electron
(X™T), were first predicted in bulk semiconductors a few
decades ago.! These three-body objects have well-known
counterparts in atomic physics, namely, charged hydrogen
ion’ H™~ or molecule H. Although their binding energies
are several orders of magnitude larger than for semiconductor
trions, their physics are essentially the same provided that
we use semiconductor effective masses, i.e., we neglect all
complexities coming from the valence band by assuming one
hole species only.

In the late 1970s, trions with very small binding energy
have been observed in bulk semiconductor samples such as
Ge and Si (Refs. 6 and 7). However, it is in the 1990s
only that high-quality semiconductor quantum wells allowed
precise studies of trion states using optical measurements.®!!
Indeed, the reduction of dimensionality is known to enhance
all composite particle binding energies. Recent experiments
in highly doped materials'>"'* have further investigated the
interesting interaction which exists between trions and free
carriers.

Although single-trion eigenstates have up to now been
approached through a free carrier basis made of two electrons
plus one hole,'>!¢ or two holes plus one electron, this basis is
not the most appropriate one from a physical point of view.
Indeed, the three free carriers of a trion interact through the
strong Coulomb interaction which exists between elementary
charges +e. This interaction has to be treated exactly in
order to possibly find the poles associated with the trion
bound states. It is physically clear that the trion ground-state
energy must lie slightly below the exciton energy because the
“second” electron is attracted not by an elementary charge,
but by the excitonic dipole. Yet, this weak attraction still
has to be treated exactly in order to get the trion bound
states. Thus, in the approach using free carriers, we face the
challenging task of solving a three-body Schrodinger equation
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with a very high precision since ultimately the trion binding
energy we are interested in only is a very small fraction of
the total trion energy we get: the trion binding energy being
the difference between the trion and the exciton ground-state
energies.

The procedure we here propose avoids this difficulty. It uses
a basis made of electron-exciton pairs (e, X), the exciton states
being analytically known, both in two and three dimensions
(2D and 3D). Instead of a free energy made of free carrier
kinetic energies '91(:) + 8](:) + 8&) with a minimum value equal
to zero, the (e, X) basis we here use already contains the exciton
binding energy at the zeroth order in the interaction since the
“free energy” then is Exq + 51(5). The construction of a trion
Schrodinger equation using electron-exciton pairs as a basis
can be done by using the recently developed composite boson
many-body theory'” that can exactly handle carrier exchanges
between the exciton and the electron or the hole, as induced
by the Pauli exclusion principle.

The goal of this paper is not to compete with the variational
approaches commonly used to derive the trion ground-state
energy. Thanks to rapid advances in computer technology,
elaborate variational methods can now reach the ground-state
energy with an amazing precision of ten decimal digits or
more,'® not really useful for semiconductor experiments.
Rather, our purpose in proposing a new way to approach the
trion problem is threefold:

(a) Variational methods are quite appropriate to derive
the trion ground-state energy with a numerical accuracy
which surpasses experimental data. However, the coordinates
commonly used'” in these variational procedures completely
mask the underlying physics of an electron interacting with
an exciton through Coulomb processes and the effect of
carrier exchanges on the structure. In contrast, the method
presented here provides a physically clear picture of the
many-body effects involved in a trion. Moreover, we can reach
a reasonably good value of the trion ground-state energy by
numerically solving the trion Schrodinger equation with just a
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few low-lying exciton levels kept in the electron-exciton basis,
which makes this numerical resolution quite easy to perform.

(b) The trion operator, defined in Eq. (9), constructed on
the electron-exciton basis we here use, is quite suitable for
further study of interacting trions?>?! because it integrates the
trion into the general framework of interacting excitons, for
which a powerful many-body formalism has been developed.'”
Solving the trion Schrodinger equation in the electron-exciton
basis, as addressed in this work, provides useful grounds for
future works on many-body effects involving trions.

(c) Finally, the electron-exciton basis allows us to obtain the
trion excited states as easily as the ground state, usual varia-
tional procedures providing ground state only, by construction.

Through these ground- and excited-state wave functions, it
becomes possible to compute the whole absorption spectrum
for bound and unbound trions in doped semiconductors. We
here concentrate on optical absorption in 2D quantum wells in
the presence of hot carriers. For X~ trion, i.e., two electrons
plus a hole with electron mass smaller than the hole mass,
this spectrum shows one small peak below the ground-state
exciton energy, which is associated with the trion ground
state, and right at the 1s, 25, and 3s exciton levels, larger
peaks associated with unbound trions, i.e., electron-exciton
scattering states. Through the carrier energy distribution, the
absorption spectrum actually acts as a tool to probe the trion
relative motion wave function in momentum space. The peak
height is found to decrease with photon energy, due to the
fact that the trion wave-function amplitude decreases when
the electron relative motion momentum increases.

The paper is organized as follows: In Sec. II, we write the
trion Schrodinger equation using the two-electron—one-hole
basis for completeness since this basis is the standard one
to approach trion. We pay particular attention to the parity
condition for trions made of two electrons with same spin or
opposite spins. In Sec. III, we write the trion states in the
electron-exciton basis and we show how the parity condition
appears within this (e, X) representation. We then derive the
Schrodinger equation fulfilled by the prefactor of the trion
expansion in this (e, X) basis. In a last part, we focus on trion
made of opposite spin electrons in a singlet state to possibly
reach the trion ground state and also the trion relative motion
wave functions appearing in photon absorption spectrum.

In the first part of Sec. IV, we present numerical results on
the binding energies of the trion ground and excited states for
various electron-to-hole mass ratios. We then show the trion
relative motion wave functions for bound and unbound states.
Finally, we use these trion wave functions to calculate the
optical absorption spectra for various hot carrier distributions.
We then conclude.

II. X~ TRION IN TERMS OF TWO ELECTRONS PLUS
ONE HOLE (e,¢’,h)

We consider two electrons with spins s and s” and one hole
with total angular momentum m. The electron spins can be
£1/2. In bulk samples, the hole angular momentum can be
m = (£3/2,£1/2), while in narrow quantum wells, it reduces
to m = £3/2 due to the heavy- and light-hole energy splitting
induced by the well confinement. However, since the hole
angular momentum does not play arole for a single X~ trion if
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we neglect the exciton splitting due to electron-hole exchange,
we will in the following ignore the hole angular momentum m
for simplicity.

The basis commonly used to represent X~ trion is made
of three free carrier states, namely, all ;Saltg ;S,blh |v). By noting
that the system Hamiltonian for two electrons (e,e’) plus one
hole (h) in first quantization

P2 A
2me 2mh €sc |re - re’|
6’2 62
- - )
€sc |re - l'h| €sc |re’ - l'h|

is invariant under the (e «<— ¢) exchange, where €. is the
semiconductor dielectric constant, one order of magnitude
larger in semiconductor samples than in vacuum. We conclude
that the orbital part of the trion wave function must be even
or odd with respect to this exchange, the ground-state wave
function being even in order for this state to be nondegenerate.
As aresult, the trion eigenstates can be divided into two groups.
One group consists of states that have an even orbital part and
an odd spin part (due to the Pauli exclusion principle). These
are spin singlet |S = 0,5, = 0). The other group consists of
states that have an odd orbital part and an even spin part. These
are spin triplets |S = 1,5, = (0, £ 1)).

Consequently, the eigenstates of the Schrodinger equation
for one trion in the (e,e’,h) basis

T T
(Hoor — ET)| W) =0 @)
can be written as
(7) _ (T,8=1) 1 T i
|‘I’5:1,53:25> = Z Vickk, ake;sak;;sbk/, lv) 3
K K Ky,
when the two electrons have the same spin s, and as
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when the two electron spins are opposite.

Since alﬂ;saim, = —alt,e ;S,alﬂ;x, it is possible to replace the
prefactors in Eq. (3) by (wlika ;1) - wg{'eskjl)) /2. For the same
reason, we can rewrite the second operator in Eq. (4) as the first
one, the prefactors now reading as (—1)° l((TkSk)] As a result,
instead of writing the four trion states as ineEqs. (3) and (4),

we may as well write them in a more compact form as
(T) _ 7.8 1t ]
|WS,S;:S+S/) - Z ¢kgk;khake:3akéls'bkh|v)’ (5)
Kok Ky
where the prefactors in this expansion now read as
7.8 _ (1.9 S..(T.S)
Pk, = Viek, T (D Yo, ©)

within an irrelevant normalization factor. This new prefactor
then fulfills the parity condition

(7,8 _ S (7,5)
kiok, = (1D Ok, @)
arequirement not necessary to enforce if we use the expansions

(3) and (4) with prefactors lﬂlg;,sk)h since this parity condition
is then fulfilled by the operators themselves.
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For the trion state written as in Eq. (5), the Schrodinger
equation (2) leads to

7,57 4.9
0 = [Exx, — E° )]¢kykf,kh
(T.5) (7,S) (7,9)
+ Z Va[Pitak—aks ~ Pretakoki—a ~ Peieraki-als

®)

where the free part of the energy reads as Ey,kk, = sl(f) +

el(f,) + 8kh) [see also Eq. (A2)]. Details on the derivation of this

Schrodlnger equation can be found in Appendix A.

The energies of trion states using the (e,e’,h) basis then
follow from solving the three-body Schrodinger equation (8)
with the parity condition ¢gl;flzh = (=15 I({Tkj:' The trion
ground state belongs to the set of even states, i.e., states with
S = 0, while the solutions with odd wave functions lead to
triplet states, the three triplet states being degenerate.

III. TRION IN TERMS OF ELECTRON-EXCITON
PAIRS (e, X)

We now turn to the trion representation in terms of electron-
exciton pairs. Some useful results on excitons interacting
with free electrons are briefly rederived in Appendix B, for
completeness.

Since excitons form a complete basis for (e,h) pairs, we
can rewrite the trion states of Eq. (5) as

|‘-IJ(T) Z¢(T ) T BT |U> (9)

S,Sz:S-‘rY

Using Eq. (B2), we can relate the prefactors of this (e, X)
expansion to those of the (e,e’,h) expansion in Eq. (5) through

(7,S) . (7,S)
ki = D (KKOY, - (10)
Kk,

Before going further, let us note that the parity condition (7) on
d)l((Tk/S lzh, resulting from the Pauli exclusion principle between
the two electrons of the trion, imposes

K, (T.5)
%:A < p )¢
=D >0 ikean)

kKei  dn PePn
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QK1) (i 1P B

7.8 7.8
=) B (' Kepi) = (=1)° Y $5 (i’ [Kop)
Kepn K.p
7,
= (=D¢y 7, (an
where A( ll‘ ki”) is the Pauli scattering for electron exchange

between a kK, electron and an i exciton, defined in Eq. (B4)
and shown in the diagram of Fig. 1. So, the parity condition
(7) reads in the (e, X) subspace as

T.5) K, k.\ 75
l((’ S ( I)S Z ( l )d)l(( i )’ (12)
ki

which clearly is more complicated than Eq. (7). We will show
in the following how to overcome this complication.
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The Schrodinger equation for one trion in the electron-
exciton basis reads for singlet and triplet trion states as

T.5)) 4(T.5) k. \ 9
0= (Ex.— ET9) ¢ +Zs( ,) o (13)
k/ ’
where Ey, ;, = (e) + E(X) is the free electron-exciton pair

energy. Details on this der1vat10n are given in Appendix C.
The electron-exciton scattering & ( l:/ lj ) associated with direct
Coulomb interaction between one exciton and one electron is
shown in the diagram of Fig. 3. The ¢l((ET’l.S) wave function in
this exciton-electron basis is subject to the constraint imposed
by the parity condition (12).

The parity condition (12), however, is difficult to implement
numerically. Itis actually possible to include this condition into
the Schrodinger equation itself by setting

k, k
¢(’TS) wl((T,S)'F(—l)S Z)‘<z % )<p§”> (14)

K.i'
s0, the parity condition (12) on ¢l(§i5) is automatically satisfied
for arbitrary 90]((715)’ which can then be regarded as a free

function. By inserting Eq. (14) into the Schrodlnger equation
(13), we find the equation fulfilled by the ﬁ"ke, iS) function as

k., k
0= (Exs— ET9) |75 4 (- 1)SZA< l)w;j@
k//
u (Ke K, (T.5)
CEle(s )y e

s)

where £°"( ': kl ) is the exchange-Coulomb scattering defined

in Eq. (B15), where “out” refers to the fact that Coulomb
interactions take place between the “out” electron-exciton pair
.(k;,i "). Using Eq. (B18), it is possible to rewrite this equation
into a symmetrical form with respect to the (k,,i) and (k,i")

states as
ke K,
zwff,”+2[ ( )+( 1 sech<. )]go.i,T,S)
k//
=ET9 o7+ (=1 Y 4 ( ) g |, (16)
k//

where the relevant set of exchange processes now take a
symmetrical form between the “in” state (k},i’) and “out”

k,

FIG. 1. Pauli scattering A( l:,: k;' ) for electron exchange between
ak, electron and an i exciton, as given in Eq. (B4).
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k, k,
P +a.0, p+a,0;
I'=,;,0,) T ___C . i=(,,0,)
_p""ahQi' _p+ahQi

FIG. 2. Pauli scattering A( lf,: kf ) for electron exchange between
ak, electron and an i = (v;,Q;) exciton, as given in Eq. (B6).

state (Kk.,7), namely,

k. k/e = 1 in (Ke k; out [ Ke k/e
geCh<i i’)_z[g i i +é& i i/
k., k|
+ (Ex..i + Exir): ( P >] . (A7)

In contrast to &°%( l: kl,” ), the exchange-Coulomb scattering
gin( ‘l‘ kl ), defined in Eq. (B14), has its Coulomb interactions

taking place between the “in” electron-exciton pair (Kk.,i), as
shown in the diagram of Fig. 5.

We note that this effective exchange scattering not only
contains the “in” and “out” exchange-Coulomb scatterings,
but also the Pauli scattering for electron exchange multiplied
by the sum of “in” and “out” electron-exciton pair energies in
order to end with an energylike quantity.

From now on, we only consider trions with zero center-of-
mass momentum. These are constructed on zero-momentum
electron-exciton pairs k and i = (v, —k). Moreover, we
concentrate on singlet trion states S = 0, which are the relevant
states to get both the trion ground state and the photoabsorption
spectrum in the presence of a doped electron gas. So, we will
not quote the S index anymore to simplify the notation.

Equation (16) can be formally written into a matrix form as

(E + &) = ED( + Lyp' T, (18)

where E) is the trion energy we want to determine. For pairs
having zero center-of-mass momentum, as considered from
now on, the components of the ¢7) vector are ¢T(k,v) =

¢l((€)=(u,7k). We have denoted the identity matrix as i, while

E is a diagonal matrix with components (kv|E|k'v') =
E(K,v)dkk'6yy, the free electron-exciton pair energy be-
ing E(k,v) = Ex (v,—k) = & + k?/2u.x where /Le_)} = m;l +
(m, + my)~ ! is the inverse of the electron-exciton pair reduced
mass. & iS an energylike matrix which includes Coulomb
and exchange processes within the electron-exciton pair. Its

k. k, k. < < k,
ok — kK,
, p. , p.

. KA _ l . - —— - _ l
! & Dy S\ l Q \ D &

FIG. 3. Direct Coulomb scattering & ( l:,: kf ) between a k, electron
and an i exciton, as given in Eq. (B12).
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k, . k,
ke_k;
pl+azQi' p+a2Qi
i':(Vi"Qi’)_&_______:_______Q__i:(Vi,Qi)
P +ou,0; -p+a,0

FIG. 4. Part of the direct Coulomb scattering &( '://” kl." ) between a
k. electron and an i = (v;,Q;) exciton, as given in Eq. (B13), coming
from electron-electron repulsion. & (:‘;‘ l.k”) also contains a negative
contribution coming from electron-hole attraction, as seen from the
second diagram of Fig. 3.

components are

(kvléerr|K'V) = [s ( (v,k_k) (vgk_k/)>
k K’
+ gech <(V, —k) (V’, —k/)>j| . (19)

Finally, A is a dimensionless matrix which originates from the
fact that the hole in the electron-hole pair forming the exciton
can be associated with any of the two electrons. Its components

are (Kv|A|k'v') = A( (U"ik) (U,.“_’k,)).

Figures 1-6 show the various scatterings appearing between
an electron and an exciton (for their derivations, see Appendix
B). In the case of zero-momentum electron-exciton pairs, they
take a compact form: The electron exchange reduces to

’ <<v,k—k) (u’,k—k'>> = (IK + k) (k + k), (20)

while the direct Coulomb scattering between an electron and
an exciton simply is given by

k K’
§ ((v, k) (0, —k/)>

= View Y _[Ip — k) (p — ek V) — (@) = —a)].
p
@1)

When Coulomb scattering is mixed with electron exchange,
the resulting exchange-Coulomb scattering is given, for zero-
momentum pairs, by

in k Kk’
§ ((v, KW, —k/)>

K k :
z[g ((vc—k’><v,—k>>]

= ZVk’Jra[,kfp(wp)[(p +apk —K)') — (k+a k)],

p
(22)
k! k,
—_ q
. 2 P. , ;
= i Pay
Py

FIG. 5. “In” exchange-Coulomb scattering &™( l:,: kf ) between a
k. electron and an i exciton, as given in Eq. (B16).
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k, k,
p+a0,

i':(vi‘in’)_ i:(ViaQi)
-p'+a,0; -praQ;

FIG. 6. Part of the “in” exchange-Coulomb scattering &™( 1;7’ kf )
between a k, electron and an i = (v;,Q;) exciton, as given in
Eq. (B17), coming from electron-electron repulsion.

where Vy = 27rez/euL2q in 2D and V4 = 47‘[62/€XCL36]2
in 3D.

It is actually possible to cast Eq. (18) into a Schrodinger-
type equation for ¢7) by rewriting it as

ETD¢D = A+ 57 (E +E&)e” = Haro”. (23)

The operator H.g; then appears as the effective Hamiltonian
for trion written in the electron-exciton basis. We see that
electron exchange within this pair appears not only through the
energyhke exchange scatterings (§™,£°") and (EA) included
in £, but also in a subtle way through the (1 + 4)~! operator
appearmgAm fernt of the more naive part of the Hamiltonian,
namely, (E + ).

IV. RESULTS AND DISCUSSIONS

The last step is to numerically solve the Schrodinger
equation (18) or equivalently Eq. (23). To do so, we restrict
the exciton basis (p|v) to the three low-lying s-like states. The
inclusion of p- or d-like exciton wave functions requires a very
careful treatment of the angular part of the electron-exciton
pair wave functions in the calculation of the A and £ scatterings,
which is beyond the scope of this work. This extension will
be considered elsewhere. The 2D normalized wave functions

(p|v) used in this electron-exciton basis are*
ay LY, 2
plls) = — | 73"
L /(1 + a%p*/4)
3V6m (9ayp?/4 — 1)
(pl2s) = 5 (24)
L (1 4 9a%p2/4)

(p[3s) (ax>5«/10rr(l—25a§(p2+625a§(p4/16)
pI3s) =\ —
L (1+25a2p2/4)""

while for 3D they read as
(p1s) (“")3/2 i
s)y=|— _—
L) (1+ap)
323227 (4a2p® — 1
{pl2s) = ( 7 ) al ), (25)
(1 +4aXp )

(o13s) ( X>%/272«/ 7 (1 —30a3p® + 8layp?)
pl3s) =\ — .
L (1—{—9aXp2)4
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L is the sample size, ay is the 3D exciton Bohr radius defined as
ax = he;./uxe?, with uy' = m;' +m; " being the inverse
of the exciton reduced mass.

The Schrodinger equation (23), seen as a matrix spanned
by the k momentum, can be solved as a generalized eigenvalue
problem. To this end, we sampled the k£ = |k| value with 100
mesh points, according to k; = ”13 where the u;’s are equally
distributed, thereby allowing for more sampling in the small-k
region. However, form,/m; = 1/50and 1/100in 3D, we have
taken 220 and 350 mesh points in order for the A matrices to
unambiguously stay positive definite. We have also taken an
upper cutoff kp,, of 10 in 3D but 20 in 2D (in units of ay)
since the 2D wave functions have a larger radial extension in
k space.

A. Trion binding energies for ground and excited states

Figures 7 and 8 show the binding energies of the 2D and
3D ground-state trions as a function of the electron-to-hole
mass ratio m,/mj. These two sets of results are expressed in
terms of their 2D and 3D effective Rydbergs, namely, R(ZD)
and R{P, with RY™ = 4R(™ and R(® = (fix/€2)13.6 eV,
the ratio of the exciton reduced mass to the free electron mass
mobeing fix = m.my/mo(m, + my,). Although the qualitative
behaviors of the 2D and 3D curves are very similar, the absolute
values of the binding energies are significantly larger in 2D
than in 3D. This is mainly due to the fact that the Coulomb
interaction Vq decreases more slowly, as 1/g in 2D instead of
1/¢* in 3D. For m,/mj, < 1, the trion binding energy stays
essentially constant as a function of mass ratio, in agreement
with experimental data: in most bulk semiconductor samples
such as GaAs and InAs, with an effective electron mass smaller
than the effective hole mass, the X~ trion binding energy does
not significantly depend on the mass ratio. This is also true
for 2D.

In contrast, when m, /mj, increases above 1, which mimics
the change from X~ to X trions, the two carriers then having
a heavy mass, we see that the binding energy first increases
essentially logarithmically and then saturates for large mass
ratios: when m,/mj; >> 1, the trion behaves as an hydrogen

0.3 T T T T T T T T

0.25

o
)

0.15

Trion binding energy

o
e

0.05 — L n L L L L L L
-1.5 -1 -0.5 0 0.5 1 15 2 2.5 3

Iogm(me/mh)

FIG. 7. (Color online) Ground-state trion binding energy in units
of the 2D exciton binding energy Rg?D) = 4R§?D), as a function of
the electron-to-hole mass ratio. A minimum is found for m, slightly
lighter than m,.
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FIG. 8. (Color online) Same as Fig. 7 for 3D trion, the binding
energy unit being R;?D). The behavior is qualitatively similar, but
the binding energies are significantly smaller, which makes the
experimental observation of 3D trions more difficult.

molecule-ion H, with a large binding energy known to be

0.412R?™ in 2D (Ref. 23) and 0.194RS"™ in 3D (Ref. 5).

The binding energies of the 2D and 3D trion ground states
we obtain as a function of mass ratio are qualitatively similar
to those obtained from variational methods.2*2” However,
the values we find using the three low-lying s-like states
only account for 60%—70% of the most accurate variational
results when m,/m; > 1, and 50%-60% when m,/m; < 1.
This suggests that the polarization of the exciton induced by
the second electron, which is not accounted for here because
our numerical calculation excludes p-like, d-like, and higher
angular momentum exciton states, plays a sizable role in the
binding, and this is more so when two carriers have a light
mass. For GaAs, with effective electron mass m, = 0.067m,,
effective hole mass mj; = 0.34mg, and dielectric constant
€;c = 12.5, Fig. 7 gives a 2D trion binding energy equal to
0.06R§?D) = 1.2 meV, which is about a factor of 2 smaller than
the best variational result.”#?®?’ Including into the exciton
basis higher orbital states up to / =2 has been shown to
improve the binding energy up to 98% of accuracy in the
case of heavy hole.?®

In spite of this discrepancy, one important advantage of
the present method compared to usual variational approaches
is that it allows reaching trion excited states as easily as
the ground state, while excited states are by construction
out of reach from usual variational methods. Figures 9 and
10 show the energy of the various excited bound states for
2D and 3D trions as a function of the mass ratio m,./my,.
For m,/mj;, < 1, we find one bound state only, which is the
ground state, in agreement with known results for X~ trions
with a hole mass larger than the electron mass, both in 3D
(Ref. 29) and in 2D (Ref. 30). By contrast, the number of
trion bound states increases with m,/m; when this ratio gets
larger than 1. A second bound state emerges for m,/m;, >~ 16
in3D and m,/mj; ~ 10in 2D. And so on. . . . These additional
bound states mainly come from the vibrational motion of the
two heavy carriers. The trion then is similar to a hydrogen
molecule-ion H or its deuterium isotopes HD" and DJ.
Spectroscopic studies of their vibrational and rotational levels
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FIG. 9. (Color online) Bound-state binding energies of the 2D
trion ground state (GS) and the first three excited states in Rg(zD) unit

as a function of the electron-to-hole mass ratio.

have been a central issue in molecular physics because
they represent the simplest molecules ever theoretically®'—*
and experimentally*~*" studied. For very large mass ratio
m./mj = 1000 close to the molecular limit, we find 15 and
12 bound states in 2D and 3D systems, respectively.

B. Trion wave function

By solving the Schrodinger equation (23), we can also

obtain the cpgj(:voi | function from which the trion wave

function ¢>|(§’j(:uf)lk) with proper symmetry property in the

electron-exciton basis can be reached through Eq. (14). Indeed,

since Pauli scatterings A( lj l;;’ ) conserve momentum and spin,
,§=0)

the gol({T » functions which are required in the sum of Eq. (14)

T,5=0)

also correspond to (pl((, i'—(v.—x) functions.

To go further, let us first relate the ¢I£Z}S=:(S.)—ke) function,

which we can derive through solving the Schrodinger equation
(23), to the trion relative motion wave function used in previous
works on trion. In Ref. 38, we have shown [see Eq. (3.16) in this
reference] that the wave function of a trion with center-of-mass
momentum K, relative motion index n, and spin S = (0,1)

0.14

0.12

Trion binding energy
o o o
o =) o o
s [} @ -

°
o
o

!

O 1 1 1 1 1
-1.5 -1 -0.5 0 0.5 1

Iog1 0(me/mh)

FIG. 10. (Color online) Same as Fig. 9 for 3D, the energy unit
being Rg?D).
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splits as
<revre’srh|K7n’S> = (RT|K><rvu|n7S)’ (26)

where R7 = (m.r, + m.ry + myr,)/(2m, +my;) is the
center-of-mass coordinate, r =r, — r; is the distance be-
tween one electron and the hole, while u = r, — (m,r, +
myry)/(m, + my) is the distance between the other electron
and the center-of-mass coordinate of the electron-hole pair.
From (r,u|n,S), we can construct (v,p|n,S) through a double
Fourier transform [see Eq. (3.18) of Ref. 38]

(v.pln.S) = /dl‘dll(vll‘)(plw(l"uln,S)- 27

The parity condition (r,.r.,r;|K,n,S) = (=1)5(r.,r.,
r;|K,n,S) on the (r.,r,) coordinates then leads to

(v.pIn.S) = (=D Y "(Ip’ + ap)(p + e V) (VP |7, S),
v,p
(28)

which exactly is the parity condition for q)g‘[s) givenin Eq. (12)
when i = (v, —k,), i.e., when the center-of-mass momentum
of the electron-exciton pair is zero, because the Pauli scattering
then reduces to Eq. (20).

If we now consider the creation operator for the (K,7,S)
trion made of opposite spin electrons, we find that it reads in
terms of electron-exciton pairs as [see Eq. (3.44) of Ref. 38]

' t .

Tllns,&.:o = Z(va’77S)ap.ﬂse](,1/zBl,_p+5xK,_1/2~ 29)

v,p
So, in view of Eq. (9), we are led to conclude that (v,p|n,S)
must be identified with
7.8
(v.pln.S) = @720 ) (30)
with 7 = (K = 0,7).

Actually, the relative motion wave function that has
physical relevance is not (v,p|n,S) but (r,u|n,S) or (r,p|n,S).
For bound-state trion, (r,u|n,S) has an extension of the order
of the exciton size ay along r and an extension of the order
of the trion size ar along u, while this latter extension goes
up to the sample size L for unbound trions. Through a Fourier
transform, we can reach

mmmw=/ﬁmmwmmm&, 31)

which has an extension along p of the order of 1/ar for bound
state [see Fig. 11(a) and of the order of 1/L for unbound states
[see Figs. 11(b) and 12].

Due to dimensional arguments, the normalized |(r,u|no)|?
function, which extends over ay for r and over ar for
u in the case of bound state, must be such that 1~
aRaP|(r = 0,u = 0|no)|*. Since (p|u) = 'P*/LP/? Eq. (31)
then gives, using again dimensional arguments, (r = 0,p =
Olno) =~ al/LP/?V/aRaP; so, we end for the trion ground
state with

2 ar \"”
|{r =20,p = 0Olno)|” =~ (—) . (32)
axL

In the case of unbound trions, the u extension is of the order
of L instead of ar; so, the same dimensional arguments would
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FIG. 11. (Color online) L?|{r,p|n)|? for the trion bound ground
state 17 = 1o (a) and |(r,p|n)|? for an unbound state in a semilog plot
(b). The mass ratio is taken equal to my;, /m, = 5. The units for relative
motion momentum p and exciton radial coordinate r are ay and a;l s
respectively.

give
1 D
|u=ammﬁz<—) : (33)
ax

The |(r = 0,p|n)|? functions are peaked on different momenta
p = p, depending on the unbound trion energies. This can
be physically understood by noting that, in the absence of
electron-exciton interaction, the trion wave function (r,u|n)
must reduce to a product of an exciton wave function and an
electron plane wave (r,u|n,S) ~ ¢,(r)(e’P"/LP/?). From

(r,uln) = (r|v)(ulp)(v,pln), (34)

v.p

with (u|p) = e’P"/LP/2,itis then easy to see that this requires
(v,pln) to be a delta function &y, p, , this delta function being
broadened into a peak when electron-exciton interactions are
introduced.

We can compute (r,p|n,S) from the (v,p|#n,S) function that
we obtain through the numerical resolution of Eq. (23), via a
“Fourier transform in the exciton sense,” namely,

W$m5%i/ﬁWMWmM£% 35)
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0, p)l?

In|(r

FIG. 12. (Color online) [(r =

0,p|n)|? for three unbound trion
states in a semilog plot, the mass ratio being m;,/m, =5 and the
momentum p unit being ay.

or equivalently
(r.pln.S) =Y _(r[v)(v.pln.s). (36)

v

Note that for r = 0, the v exciton levels that survive in the
v sum are s-like states only. In practice, we have computed
(r.pln.S =0) from (v,p|n.s=0)=¢" 2"  with T =
(K = 0,7), as obtained from the resolution of the Schrodinger
equation (23) along with the parity condition given in Eq. (14),
by keeping only the three lowest s states in the v sum of
Eq. (36), as consistent with the fact that the electron-exciton
basis in solving the Schrodinger equation (23) has been
reduced to these three lowest levels.

Figure 11 shows [(r,p|n,S = 0)|- for the trion bound
ground state n = no and for an unbound state. Note that, due
to Eq. (32), we are forced to plot the ground state through
L?|(r,p|no.S = 0)|? in order to have a quantity independent
of sample size L. The function |(r,p|n,S = 0)|?, from now
on written as |(r,p|n)|? for simplicity, is concentrated around
the origin (r = 0,p = 0) for bound states, whereas it is peaked
around a p,, value for unbound states. (The 1/L width comes in
practice into the figure through the momentum discretization
used in the numerical resolution.) Since the relevant quantity
for the trion oscillator strength is going to be |(r = 0,p|n)|?,
we have also plotted these normalized functions for three
unbound states (Fig. 12). We find that when the unbound
trion energy increases, this function broadens due to electron-
exciton interactions.

| 2

C. Trion absorption spectrum

Knowing the trion wave function for bound and unbound
states, it becomes possible to compute the absorption spectrum
in the case of trion formation, as a function of the photon
energy. When an exciton is created in a semiconductor through
photoabsorption in the presence of free electrons or free
holes, interaction between the photocreated exciton and the
free carriers can lead to a trion either in a bound state or
in an unbound state, depending on the photon energy. We,
however, wish to stress that this is only true for very low
doping. Otherwise, many-body interactions tend to wash out
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the trion bound state and transform it into a complex object
which looks more like an exciton dressed by an electron cloud,
with a rather different line-shape behavior than that of a simple
trion, as experimentally shown in Ref. 39. In this work, we
have chosen to concentrate on the low-doping regime, in spite
of the quite weak coupling which exists between photon and
bound-state trion, in order to avoid the far more complex study
of many-body effects involving a three-fermion bound state.
This low-doping regime definitely is the one to start with and
understand fully before turning to a more complex situation.

With this goal in mind, we first consider an initial state with
one free electron with momentum k; and one photon with
energy w,; and momentum Q,,. After photon absorption,
the final state contains two electrons and one hole, their
center-of-mass momentum being k; + Q. Since we are
mainly interested in the low-lying trion states, we here focus
on spin-singlet (S = 0) states. The Fermi golden rule gives
the photon absorption as (—2) times the imaginary part of the
response function S (w,,,Qyi.k;) which, in the case of one
photon (wp;,,Qpr), has been shown to read as [see Eq. (16) of
Ref. 40]

S (wpn. ki)

r=0,p:|n)|?
— |Q|2LDZ = |( — Opllngk|+Q = )
i p s
7 @pn g — [E0570 + s ]+ 0

(37

2 is the vacuum Rabi coupling, while p; is the relative motion
momentum of the (e,X) pair. Since the momentum of the
photocreated exciton is equal to the photon momentum Q ,;,
the total momentum of the (e, X) pairis K; = k; + Q;, and its
relative motion momentum p; is such thatk; = p; + B.K; and
Qph = —p; + BxK; with 8, = 1 — By = m./(2m, + my,); so
pi = Bxki — B.Q,» = Bxk; since photon momenta are very
small on the characteristic electron scale. By noting that

k? k2 _ (Bxk)?
2m,  2Q2me+my)  2fhex

with (. x being the effective mass of the electron-exciton pair
defined above, we can rewrite Eq. (37) as

I(r = 0, Bxk;|n)
SO (wpn ki) ~ |QPLP § X —.
n + (Bxki)? — Em.S=0) 4 o+

n 2/L
(39

Before going further, we wish to make three comments:

(i) In the absence of excess electrons in the sample, the
absorbed photon creates an exciton, the associated response
function reading as

S(X)(wph) — |Q|2LD Z

v wph—[

, (38)

|<F=OIV>|2

+ 2(m JrWIh ] + lO+
(40)

For bound exciton having a spatial extension ay, dimensional
arguments lead to a normalized relative motion wave function
(r|v) such that 1 >~ a2 |(r = 0|v)|*; so

D
[(r = 0v)|* ~ <i> : (41)

ax
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It is worth noting that this quantity is of the order of the
relative motion wave function for unbound trion states given
in Eq. (33). This is quite reasonable because unbound trions
look very much like an exciton with a free electron moving
possibly far away from it.

We then note that Eq. (32) gives an oscillator strength a
factor (ar/L)P smaller for bound trion than for unbound
trion; for large sample size L, this a priori prevents drawing
the full absorption spectrum for bound and unbound trions
using the same scale. We can, however, note that the L
factor which here appears comes from (u|p) = ¢'P"/LP/?;
so, this L factor physically is the length over which particles
keep their momentum, this length L., being usually called
“coherence length.” As a result, when the sample volume
increases, (ar/L)P saturates to (ar/Lcon)”, which can be not
so small in poor samples. Nevertheless, we have decided to
here show absorption spectra for bound and unbound trion
states on different curves to avoid this scaling problem. We
wish to stress that this scaling problem does not seem to
appear in experimental spectra; this indicates either that the
samples are very poor, or most likely that the doping is rather
large and what is evidenced as a trion line, in fact, is a singular
many-body response to the photon field, rather similar to Fermi
edge singularities in metal (Ref. 39).

(ii) The (i0") term in the response function of an exciton
or a trion actually has to be broadened into iy with y being
associated with the inverse lifetime of the exciton or trion.
Indeed, the response functions quoted in Eqgs. (37) and (40)
follow from using the Fermi golden rule. This rule is known to
be valid for transitions toward a continuum of states. When one
photon Q , is absorbed in an undoped semiconductor, we form
a well-defined exciton, its momentum being Q ;. So, the Fermi
golden rule should not be used. We have shown (see Ref. 41)
that the Fermi golden rule can still be used for photoabsorption
with exciton formation provided that the exciton level is broad
enough to be seen as a continuum, the characteristic scale for
this broadening y being the vacuum Rabi coupling 2. When
the exciton level is very narrow, as in good-quality samples,
we usually say that the system suffers a “strong coupling”
with the photon field: instead of excitons created by photon
absorption through the Fermi golden rule, we have polaritons
which are the exact eigenstates of one photon coupled to
one exciton. So, when using formulas such as Egs. (37) and
(40) for photon absorption, we implicitly assume the trion or
exciton to have a finite lifetime. As a result, i0" should be
replaced by iy.

(iii) The linear response to a field having N, photons is
just N, times the response function to one photon given in
Eq. (37). This makes the photon absorption linearly increasing
with photon number, i.e., laser intensity, as physically required
for linear response.

Of course, in real experiments, we not only have more than
one photon, but also more than one electron in the sample. The
effect of an electron-number increase turns out to be far more
subtle than a photon-number increase; indeed, photons are
noninteracting bosons, so that they all have the same energy,
while electrons are interacting fermions, so, their energies
spread out when their number increases. For N, electrons and
a sample cold enough to possibly see undissociated trions, we
must distinguish two regimes:
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(1) Cold carriers. For temperature T small compared to the
Fermi energy ¢ for the N, electrons, with ey ~ k% and N, ~~
(kpL)P, the N, electrons are degenerate, i.e., their probability
to have a momentum k; between 0 and k is equal to 1. So, the
response function of these N, electrons to N, photons should
read, in the absence of many-body interactions between the
trion and the electron gas, as

kr
SD(@pn) = Npi Y ST (@pn ki) (42)
k=0

with ST(w,,k;) given in Eq. (37). By replacing the k; sum
by an integral and by setting ¢ = (Bxk;)?/21.x = BxK?/2m.,
we get, for 2D systems having a constant density of states p,
the photon absorption spectrum A%)(a}ph) = —2ImST(w,p)
associated with the trion ground state 7, through

A (wpn)

Bxer
— 2N IQPLP /By / pdel(r = 0.v/2oxelno)
0
x 8(wpn + & — EM). (43)

This readily gives, for a positive photon detuning §,, =
gln) _ Oph,

27N, QL p

5 [(r = 0,3/2tex8pnlno) > (44)

for M — Bxer < wpn < EM and zero otherwise. A\ (w )
essentially follows the decrease of the bound trion relative
motion wave function |(r = 0,p|no)|> along p, the trion
absorption spectrum spreading on the low-energy side, since
more energetic electrons can be used to form the ground-state
trion (see Fig. 13).

It is worth noting that this absorption spectrum does not
increase in amplitude under an electron number increase,
but just spreads on the low-energy side since kr increases

A (@pn) =

Mo

18 T T T T T T T

16} 1
14} :
12} 1

"5

& 10 1

E~ 8 1
6r |
4t J
ol E(no)— Er E(ﬂo) ]
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(Dph

FIG. 13. (Color online) Absorption A{)(w,;) [defined in
Eq. (44)] in the presence of cold electrons in 2D quantum wells as a
function of the photon energy w,;, in RE?D) unit. The trion ground-state
energy £M) lies 0.24R§?D) below a larger exciton peak which lies at
—4R§?D> (not shown). We have taken a mass ratio m, /m, = 5 and set
N |Q1?p/Bx = 1, the LP factor in Eq. (44) being canceled by the
wave function part of this equation, due to Eq. (32).
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when N, increases. Such a spectrum, however, is rather naive
because it forgets many-body effects in the final state similar
to those leading to Fermi-edge singularities: Instead of having
a smooth decreasing low-energy tail, these effects bring a
peak at the absorption threshold, as discussed and observed
in Ref. 39.

(2) Hot carriers. In the case of hot carriers, the N,
dependence of the absorption spectrum is totally different and
strongly depends on where the carriers are injected. Let

f(ex.€l)
Zk,- f(é‘k[,&‘:)

be their density probability. We will here use a Gaussian
distribution for the injected carriers

Nk;,e)) =N, (45)

2 *2
[ (exe7) = emcthasameme, (46)

the constants ¢ and ¢} being possibly tuned through the bias
voltage window of the injected electron current. We here
consider that the injected carrier concentration stays in the
dilute limit, to possibly neglect many-body effects. Summing
over the electron momentum k; then amounts to transforming
Eq. (42) into

S (wpn-3) = Npn Y N(kie)S P @y ki) (47)

ki

1. Bound trion

The absorption spectrum associated with the trion bound
state np, given by Eq. (44) in the case of cold carriers,
transforms into

f@pn/Bx-€})
Jo- de f(e/Bx.€%)
X |(r = 0,/24ex8pn |10 > (48)

A (wpn,£7) = 27 Ny N |QIPLP

This shows that, for hot carriers, the absorption spectrum
is proportional to N,; so, under an electron-number increase,
the whole spectrum amplitude increases, instead of spreading
out as for degenerate electrons.

Figure 14 shows the 2D ground-state trion absorption spec-
trum A{)(w &) for various injected carrier average energies
e) [see Eq. (46)]. The major advantage of using injected
hot carriers to study trion over the usual photoluminescence
experiments in doped or undoped semiconductors*? is that it
allows us to resolve the trion spectrum in a more controlled
way, and also to possibly reduce the carrier many-body effects
compounded in usual trion spectra. Conversely, the absorption
spectrum can be used to probe the hot-carrier distribution.
For decreasing photon energy, the absorption intensity follows
the decrease of the trion wave function |(r = 0,p;|n)|*> with
relative motion momentum p;, as shown in Fig. 11(a). When
the electron number increases, the amplitude of the whole
spectrum increases, as a result of the N, factor in Eq. (48),
but does not spread, in contrast to the low-7" limit shown in
Fig. 13, for which the absorption spreads without changing its
amplitude.
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FIG. 14. (Color online) Absorption A(w,,e}) defined in
Eq. (48) associated with the trion ground state in 2D quantum wells,
as a function of the photon energy w,, (in Rg?D) unit) for different
parameters &, and ¢ = 500 R?D)_z in the electron distribution
of Eq. (46). We have set N‘,,hNe|S2|2 =1 and taken a mass ratio
my/m, = 5.

2. Unbound trion

The situation for unbound trion is far more complex
because unbound trion states have energies close to exciton
energies; so, photoabsorption with formation of a trion AT is
mixed with photoabsorption with formation of an exciton A
which exists in the absence of excess carriers. The resulting
absorption spectrum could be thought to read as

fA(T) +(1— f)A(X) — A(X) + f[A(T) _ A(X)], 49)

where f is the capture rate of an electron by an exciton. For
N, electrons in a sample volume LP, this capture rate should
be of the order of the exciton volume divided by the average
volume occupied by an electron, namely,

~ ey () 50
() @

However, by noting that electrons with different k; ’s contribute
differently to trion absorption, as seen from Eq. (37), the
absorption spectrum should in fact read as, instead of Eq. (49),

D
#) A0 ax ok
Alwpn,el) = A (wph)+<L> ;zv(k,,ee)

x [AD(@p, ki) — A% (wp)] (51)

with N(k;,e}) given by Eq. (45) for hot carriers. We see that
the absorption spectrum reduces to the exciton spectrum in the
absence of free carriers N, = 0, as physically required.

The exciton absorption spectrum AX)(w ph) 1s made of delta
peaks centered on the exciton energies ), and weighted by
the value at r = 0 of the exciton wave function squared |(r =
0[v)|? [see Eq. (40)]. These delta peaks are broadened when
taking into account the finite exciton lifetime, which amounts
to replacing i0" by iy in Eq. (40) as previously explained; so,
the delta functions are then replaced by Lorentzian function
with a small half-width y, namely,

v/7

(52)
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Although, according to Eq. (51), the photon absorption
contains exciton and trion parts, we have chosen here to
only show the trion part in order to avoid ambiguity coming
from their lifetime, yet undetermined experimentally. The
contribution to the photon absorption spectrum resulting from
unbound trions is given by

AT (wpn,67)
D
= N[ Z) 3 Nk AT (@ i)
L - ¢

_ 27NN |9Q*ay /dsf(E/ﬂ €)
[ de f(e/Bx.)) o

x Y e =0,y/2ucxelm s +& —EP), (53)
n

the discrete sum over n being ultimately replaced by a
continuous sum over Kk,,. To compute it, we have introduced a
finite lifetime and replaced the delta function by a Lorentzian
function along Eq. (52). This essentially adds a small high-
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FIG. 15. (Color online) Unbound trion absorption A7 (w,;,&¥)
for 2D quantum well as defined in Eq. (53) where we have
set N, N,|Q|> = 1. It shows unbound trion peaks resulting from
electrons scattering with 1s exciton (a) and with 2s or 3s exciton (b)
as a function of the photon energy w,;, in RSD) unit. We have taken a
broadening y = O.OIR;SD) in Eq. (52). Other parameters are the same
as in Fig. 14.
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energy tail to the absorption spectrum, which would have a
sharp edge otherwise.

Figures 15(a) and 15(b) show the line shape of the three
largest peaks located at the lowest-s exciton levels for 2D
quantum well, namely, —4R§?D), —4/9R§?D), and —4/25R§?D),
these peaks being associated with unbound trions, i.e., the
electron-exciton scattering states. We see that these peaks
spread on both sides of each exciton level due to energy
conservation enforced by the delta function. The peak height
decreases with the increase of the exciton level due to the
(r = 0]v) factor in Eq. (36) which for 2D exciton is equal to
4/ax~/2m(2n — 1)3 with n = (1,2,3) for these three peaks.

The peak line shape essentially is a Lorentzian which moves
slightly toward the lower-energy side when contributions from
electrons with large kinetic energy start to weigh in. Moreover,
the peak height slightly decreases; this can be attributed to
broadening at large relative motion momentum induced by
electron-exciton scattering.

Differences between calculated results and experimental
data obtained for a dilute hot-carrier gas are expected to
primarily come from the finite width of the quantum well.
Indeed, all binding energies are known to increase when the
space dimension D decreases, as evidenced from the fact
that the exciton binding energy is equal to Rg?D) in 3D but

Rg?D) = 4R§(3D) in 2D. As a result, the trion binding energy in
a finite-width quantum well is expected to be substantially
smaller than its exact 2D value. Other sizable effects are
expected to come from thickness fluctuations,** confinement
of the trion wave function by potential barriers which are not
infinite, and also by the potential resulting from remote donor
ions.*?

V. CONCLUSION

Motivated by the idea that Coulomb interaction between
an electron and a hole is far stronger than between an
electron and an exciton, we here construct a Schrodinger
equation for trion using an electron-exciton basis instead of
the standard free-carrier basis. One obvious difficulty with
the electron-exciton formulation is to exactly handle electron
exchange within the electron-exciton pair. This is done through
exchange scatterings between electron and exciton similar to
those which exist between two excitons, as in the composite
boson many-body theory. Restricting the exciton basis to the
first three s states, we have numerically solved the resulting
Schrodinger equation for the trion ground state in 2D and 3D
systems, as well as for excited bound and unbound states.
Using just these three states, our results for the ground
state are in reasonable agreement with those obtained from
the best variational methods. The main advantage of the
electron-exciton approach presented here is to reach excited
states as easily as the ground state, these excited states being
out of reach from usual variational methods. Since we do
here solve a Schrodinger equation, we are also capable of
reaching the trion wave functions for bound and unbound
states. Through these trion wave functions, we can calculate
the optical absorption spectrum associated with the trion bound
states in the presence of injected hot carriers. The spectra have
small peaks associated with trion bound state and large peaks
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coming from unbound states, i.e., electron-exciton scattering
states.
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APPENDIX A: SCHRODINGER EQUATION FOR TWO
ELECTRONS AND ONE HOLE

We here derive the Schrodinger equation (8) for trion states
using the (e,e’, i) basis. Starting from the Schrodinger equation
(2), the prefactors of the trion state in Eq. (5) must fulfill

_ (T4 (T.5)

0= i[Ekek;kh —E" V)i,

kK Ky
(7,S) (7,9)

+ ) ValSie ik —ak — Ptar kg

(7,9) i i T
- ¢kg,ki,+q,k;,7q] } all(e;sak;;s’bkh lv). (A1)

If we now project this equation onto (v|by, ap;.s'ap,;s and use
L al — 858k,
(Vlap,sap, sy .ty . ss'Op k. Opek, »

=(0,1),5: =0]

[v) = Sprk. Op.k,

we get one term only for s’ = —s, i.e., for [S
trions, namely,

_ _ (T, S) (7.9 (7.9)
0= [Epep;Ph E d’p P.Ph + Z V ¢p +4q.p.—9q.pn

- ¢l(;’z—-’ké¢;)vp’eqph -q ¢I(JZ:}JS;)-+q,ph—q]' (A2)
By contrast, for s’ = s, i.e., for (S = 1,5, = 2s) triplet trions,
this projection yields two terms. These two terms, however,
are equal since ¢£Tk,s D= l((TkSI: Y and Vyq = V_q, so that
we end up with the same Schrodinger equation (A2) for all
four trion states.

It is actually possible to recover this Schrodinger equation
starting from Eqs. (3) and (4) with trion states written in terms
of wliijzh, instead of Eq. (5) with prefactors ¢l((TkS lzh, these
prefactors being linked by Eq. (6). The major interest of this
second derivation is to evidence that the relevant function is
not 1//1((:71’(‘,3{11 , but qﬁl(('zksi{,

Let us first consider the (S = 1,5, = 2s) trion state given
in Eq. (3). When used into the Schrodinger equation (2), we
get Eq. (Al) with qbl((kaglz replaced by @[/l((Tk/S) If we now
project this equation ontgo (v]byp, ap;:sap,.s, we find two terms
that are no longer equal. However, since V4 = V_g, they can
be combined to make appear (wlg(s ;1) - ,((Tkskjl)

nothing but qﬁlgk’,s lzh for § = 1. The resulting equation then

reduces to Eq. (A2).
If we now consider the (S,S, = 0) trion states given in
Eq. (4), we get the same equation (A1) with aiegsa;ﬁ/ s oW

st t (T.5)
(=1%ay,._ i pa 1l and ¢y oy,

), which is

replaced by [aL; | /2“11; 12~
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7.8 .
replaced by wligk; k)h . When projected onto (v|bp, @y .—1/2ap,:1/2,

these two terms yield two terms that can again be combined

to make appear (Y. + (=155 ), so that we also end
‘ L (T.5)

up with a Schrodinger equation for ¢y, -identical to the one
given in Eq. (A2).

APPENDIX B: USEFUL RELATIONS ON
ELECTRON-EXCITON SCATTERINGS

For completeness, we, in this Appendix, derive a few useful
relations involving excitons interacting with free electrons,
some of which are possibly found in previous works on
exciton'” and trion.2? An exciton i = (v;,Q;) with center-of-
mass momentum Q;, relative motion index v;, electron spin s,
and hole spin m, expands on free electron-hole pairs as

zsm Zaks khmkkhll)

K.k,

_ i i
=D ) 0isb PV,
p

B

where «, =1 —«a, =m,/(m, + m;). Conversely, a free
electron-hole pair reads in terms of excitons as

ZB”m ik Kp)

= Z B!« siyism (Vilanke — o).

Vi

ak 1S khm

(B2)

Since the hole spin m plays no role in problems dealing with
one exciton interacting with an electron, we will, from now
on, drop the index m from the notations.

As easy to check from the above equations, electron
exchange between one free electron k, with spin o and one
exciton i with electron spin s leads to

n
lSako’__Z)\'( )Blak/s’

k//

(B3)

where A( lje lj,“) is the Pauli scattering for electron exchange

shown in Fig. 1. It readily follows from this diagrammatic
representation that the Pauli scattering is given by

k, k. . /s
x( g ) = D Tkebn) Pk, ).

Pn

(B4)

This compact expression of Pauli scattering between (e, X)
pairs allows us to check that two exchanges reduce to an
identity, as a result of the closure relation on |i) exciton states

) )\(lﬁe '.’ﬁ)x(‘.’i kﬁ)

’ i" i i i

i”,pe

= Y ('Ipeq) (@K, 1i") (i ke qn) (qnpeli)
i Pe,qn 4},

= &bk, (B5)

As seen from Fig. 2, for an exciton labeled by i = (v;,Q;), this
Pauli scattering reduces to Y_(vy/|p’)(p|v;) provided that the
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(p,p’) momenta are such thatk!, = p + «,Q;, k. = p’ + «. Qs
and —p’ + Qi = —p + ;,Q;. This gives

k:, k., ,
Moy )= Ok +Qu ko +Q; (VirlKe — Qi) (K, — Qi |v;).
(B6)

These Pauli scatterings formally appear through two com-
mutators

[Bis B = 8605 —

kK, k
T § : e Be ) i
Di’r“i.va . — 5m A . . Jege B8
[ s’ ake,a] ( l/ i )ake,s ( )

K,

Di’s’;is» (B7)

From them, it is easy to show that the scalar product of two
electron-exciton pairs is given by

(vlap,:o Bjio' Bl af, i 1v)

= (vlap,o{[Bjo Bl 1+ Bl Bjiorlay v)

p. ke
= Sasso’s/sp?keaji - 863’80 s)‘ . . (B9)
y ] i

Exciton and electron also interact by direct Coulomb
scattering & ( l:,” li ), which also follows from two commutators.

For an electron-hole Hamiltonian H, they appear through

(H.B],1 = E{VB] + V],

k, k. t
zs’aks Z‘§< >BITY k’/

k//

(B10)
(B11)

Its diagrammatic representation, shown in Fig. 3, readily gives

k/e ke ./ /
§ <i’ i ) = Wk, Z[(l [pe + ko — K,.pn)

PePh
— (i'Ipe.pn + ke — K,)1(prpeli).
For i = (1;,Q;), this scattering reduces to > (v;/|p’){(p|v;)
provided that the (p,p’) momenta are such that p’+
2. Qi =p+a.Q; +k, —k,and —p’ + 0, Qi = —p + ;,Q;
for the electron-electron part, as shown in the diagram
of Fig. 4, while p’ + «.Q; = p + @.Q; and —p’ + ¢, Q;» =
—p + 2, Q; + k, — Kk, for the electron-hole part. This gives

k,
%
1

We can mix the direct Coulomb scattering & with the

(B12)

k., ,
) = Sk Vigk DL P+ anle = k)
P

—(ap = —a)l{plv;). (B13)

electron exchange XA to get the “in” and “out” exchange-
Coulomb scatterings defined as

(kK k k, Kk k! k

in ‘) — A 4 e e e , Bl4

k, k k, kI\ (K k
out ‘)= o x . ). @IS
(5 V)= R0 ) e
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Using Fig. 5, we find that the “in” exchange scattering is given
by

in k:’
3 < .
1

— (i"ke — q,pn + @ 1prpcli). (B16)

If we now write the exciton i as (v;,Q;), Fig. 6 gives
this “in” exchange scattering as ) Vq(v;/[p)(p|v;) provided
that the (p,p’) momenta are such that k, = p + «.Q; + q,

lj) =Y Vg 'k, —q.pn)

q#0 PePi

p + Qi =k, —q, and —p’ + @, Qi = —p + ¢, Q; for the
electron-electron part, while we must have k), = p + ¢, Q;,
p' + Qi =k, —q,and —p' + o, Qi = —p + %, Q; + qfor
the electron-hole part. This ultimately leads to
k, k.
3 <l . ) = 80, 410.Qi+k, D Valvilke — q — 0Qp)
q
x [(k, — q — @, Q;i[vi) — (k, — 2, Q;i[v;)].
B17)

These two exchange-Coulomb scatterings are related to the
dimensionless Pauli scattering for electron exchange through

K K,
(Exir — Ex,i)A ( l./e . >

1

k’ k k
in ¢ ) _ sout e

as easy to show by calculating (v|ay.s Bi,s H Bif;x
H acting either on the left or on the right.

k.
; ) , (B18)

all.s [v) with

APPENDIX C: SCHRODINGER EQUATION FOR THE
ELECTRON-EXCITON PAIR

For H being the Hamiltonian of a system with arbitrary
numbers of electrons and holes, we get, using Egs. (B10) and
(B11),

HB/ af |v)
= ([H.B,1+ B, H)a] ,|v)

k, k.
_Ek laks is +Z§< l) li’thTs| ) (Cl)

From this equation, it is possible to show that the |\IJ§TS) ')
state in Eq. (9) is an eigenstate of the Hamiltonian H with

energy E7-% provided that

S

k.i

+ Zg <k ll{ ) (TIS) li 38 zs |U) (CZ)

(i) Let us first consider s = —s’ = 1/2. The projection of
the above equation onto (v|Bj,_j2ap,.1/> readily gives, using
Eq. (BY),

p. Kk,
0=(Ep, — ETY) ¢lff)+2gr< l) t i (C3)
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If instead, we project Eq. (C2) onto (v|Bj;12ap,,—1/2, We geta
somewhat more complicated equation, namely,

p. k. T, (T.9)
0= 2)‘ < i ) |:(Eke,i — ETY) b, i
ki
k. kK _
+ )¢ ( l. if) ¢.ij,§)], (C4)

15
ki

which also reads as
_ Pe ke ) (7,5)
0= E |:A(j i >(Ekh,—E )

k.i
in Pe ke (7.9)
+en (P B ) g, (C5)

J

where the exchange-Coulomb scattering “g‘i"(‘}‘f ki”) is defined

in Eq. (B14) and shown in the diagram of Fig. 5. It is
actually possible to show that Eq. (C5) follows from Eg.
(C3) by using the parity condition (12). Indeed, Eq. (12)
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allows us to transform the right-hand side of Eq. (C3)

into
p. k.
02 (s 2o (P )

ki J
e ke
O R

where £°%( pj kl) is defined in Eq. (B15). Using Eq. (B18)

(7.5)
Ke.i

for the link between £ and £°, we then find that the ¢
prefactors in Egs. (C5) and (C6) are indeed equal.

(i) We now consider Eq. (C2) for s = s’ and project it
onto (v|Bj;sap,;s. According to Eq. (B9), we get two terms.
These two terms just correspond to the right-hand side of Eqs.
(C3) and (C4), so that we again end up with ¢g’js) fulfilling
Eq. (C3) for S; = %1 also. This is fully reasonable because
Eq. (C3) holds for triplet and singlet trions made of opposite
spin electrons, while the three triplet states [S = 1,5, = (O,
4 1)] are degenerate. So, they must obey the same Schrodinger
equation.
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