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Abstract; The binding energies of donor impurity states in quantum wells in the presence of an electric field were

investigated by a variational method. The impurity-center as well as the bound electron couplings with both the longi-

tudinal optical (LO) and interface optical (10) phonons were taken into account in the calculation. The binding

energies were obtained as the functions of impurity position, well width and electric field strength. The results for

GaAs/Al, ;Ga, ,As quantum wells as an example were given and discussed. It was found that the correction due to

electron-phonon interaction to the impurity state binding energies and the Stark shifts is quite significant.
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1 Introduction

Impurity states play a fundamental role in trans-
port and optical properties of layer semiconductor
materials, such as heterojunctions, quantum wells
etc. So, understanding the impurity states in quan-
tum well structures (QWs) is an important problem
in semiconductor physics. Experimental results on
the binding energy of donors in QWs based on far-in-
frared magneto-spectroscopy and electronic Raman
scattering as well as electro-reflectance spectroscopy

1~6
measurements have been reported' "°'.

Some au-
thors have investigated theoretically impurity states
in quantum wells in an external field, without taking
the electron-phonon ( e-p ) interaction into ac-

7100 These studies concluded that the elec-

count
tric field causes different Stark shifts for the impurity
states at different positions. Further, the effects of

e-p interaction on the impurity state binding energies
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in QWs have also been investigated by various theo-

retical methods!" ™'

Different e-p effects, either
enhancing or diminishing the binding energy, have
been predicted by considering different phonon

modes and impurity positions''" "'

The e-p effect
on the quantum confined Stark effect of a bound po-
laron in a QW was studied'”’. An e-p interaction
Hamiltonian deduced by Licari and Evrard''® for a
slab instead of QW was used as an approximation in
their work. And the interaction between the electron
and the impurity center,which screens the Coulomb
potential , was omitted also. Therefore, a further in-
vestigation by using a more complicated and com-
plete description for the electron- as well as impurity
center-phonon coupling in QWs is required.

In this paper, we study the effects of the e-p
interaction on the binding energies and the Stark

shift of impurity states in QWs subjected to an exter-

nal electric field. Different from the preceding
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work' " the bound electron as well as the impurity
center couplings with both the longitudinal optical
(LO) and interface optical (10) phonons are con-
sidered. Donor impurity binding energies as func-
tions of the impurity position, the well width and the
electric field strength were obtained by using the
LLP approach""”’ with a variational calculation. The

results for GaAs/Al; ,Ga, 5 As,

given and discussed.

as an example , WEere

2 Hamiltonian

Let us consider a polar QW , for which the well
material is in the range |z | <d and the barrier ma-
terial is filled the space |z | > d. The coordinate
origin is chosen at the well center. A conduction
electron is bound around the donor impurity center

located at (0, 0, z,) in the QW,

electric field is perpendicular to the interfaces of the

and a uniform

well. By adopting the effective mass and the infinite-
square-well approximations, the Hamiltonian of the
impurity-phonon system then can be written as

H==H +H +H+Hgy+H,,+Hy+ Hy
(1)
Here, the first term includes the electron kinetic
energy and the well potential, and is given by

1o o K &

H o=-2-29,0 1 9,y (2

¢ 2mpapp6p 2ma +(>()

with V(z) :{0 ol <d (3)
oo lz| >d

where m, is the effective mass of the electron, p =

Vx" +y" is the radial component of the electron
coordinatein the x-y plane.
The second term in Eq. (1) is the Coulomb

potential experienced by the electron, written as

2
e

H =- (4)
8m«/P2 + (z _Zo)2

is the high frequency dielectric constant of

where ¢
the well material.
The electric field energy of this system in the
external electric field F' is given by
H, = |el|Fz (5)
The fourth and fifth terms in Eq. (1) describe re-
spectively the confined bulk-like LO phonon field
and its coupling with both the electron and the impu-

L 9530 4%

rity ion, and are given by[18~21]
HLO = kz hwuak*mpakmp (6)

mp
ILO—Z % [ kmp(z)e"k'p - Vkmp(zo) ]akmp +h- c}
kmp
(7)
with
1B
Viep (2) = Wcsn(le z) (7.1)
f 4’1Ta1 12 % 174

e 2( ) h 7.2
0 (2mewL1) oy ( )

_ mm
m 2d (7. 3)
2 = 852d (7.4)

cos(k,z), m =1,3,5,-
csn(k, z) = {
sin(k,z), m =2,4,6,

(7.5)

where a, (a,,, ) is the creation ( annihilation)
operator for the LO phonon confined in the well ma-
) and
parity p. For the even (odd) parity, p is positive

terial with frequency w;,, wave vector (k,k

» ¥m

(negative) and m odd (even). The wave vector k,,
is limited by the Brillouin-zone boundary, that is,

mw/2d<7/d (d is the lattice constant of the well

(1 1y me
o2
a1 S0’ \2K oy,

is the Frohlich electron-LO-phonon coupling con-

material ) .
172

(7.6)

stant. £, and &, are respectively the high-frequency
and static dielectric constants of the well material. (2
is the volume and S is the interface area.

The last but one term stands for the 10-phonon
field energy:

= Z hwapal:upakup (8)
with .
, _ B,(k) £ {B (k) —4A,(k)C, (k)|
@ap = 24, (k)
(8.1)
A (k) =d) +d} (8.2)

Bp(k) = a](wu +w'[2) +a2(w%2 +wﬁ'1)

(8.3)

C, (k) = dw oy + dwnoy (8.4)
= (1 Fee,, (8.5)

a; = (1l £e™e,, (8.6)
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where putting o, p = +, — give four branches of
10 phonon modes, respectively.

The last term is the I0-phonon interactions with

both the bound-electron and the impurity-center;

Hi—IO:Z % [qup(z)eik.p - Wk‘,p(zo) ](lkqp +h-c!

kap
(9)
where
__ 2mhie’ 1'% cosh (kz)
W,,.(z) = (kd)[Skw ] cosh(kd)
(9.1)
__ 2mhie’ 1"* sinh(kz)
Wip-2) == iD,-(kd) Skw”,] sinh(kd)
(9.2)
D,.(kd) = [2£ .tanh(kd) +2&, .17
(9.3)
D,-(kd) = [2¢&, coth(kd) +2&,-]7""
(9.4)
<€ O] - Sw )
brp = — " (A =1,2)
o (& = &4y)
(9.5)
wi, - o,
Erep = €ar 55" (A =1,2) (9.6)
Wy, — wup

in which @, (a,,) is the creation ( annihilation)
operator for the 10 phonon with frequency w,, and
wave vector k,w;, (w;,) and wy (wy, ) are the well
(barrier) material 1O phonon frequency and TO pho-
non frequency, respectively. &.,(&y) is the high-fre-
quency (static) dielectric constant of the barrier mate-
rial. In writing the Hamiltonians (7) and (9), the im-
purity ion is assumed to be rest and contributes the
(z,) and W,
teractions of LO- and 10-phonon fields with the donor-

terms of V,

e Wiop (29) Tespectively to the in-

impurity, by extending the treatment used by Platzman
for bulk bound polarons to QWs'* "'

3 Variational Procedure

For ease to solve the Hamiltonian (1) we firstly
eliminate the term related to the impurity-phonon

coupling by performing a previous canonical transfor-

mation >’

U, = exp{ Z (al:mp + @) Vi (20) /hewyy +

kmp

S (g + i) Wiy (20) /0, | (10)

kap

The transformed Hamiltonian is given by
H* = U;'HU, =
2 2 2
STV B T
2m p ap dp 2m, 9z

2
e +
+ Z thl akmpakmp +

ealp’ ¥ (z-2)°  w

ik,
Z hwapaknpakap + z Vkmp<z)eL pakmp + h %

kap
Z %Wkop(z)el Pay,, +h- ch -

le| Fz -

kop
Z (Vkmp<z) Vkmp<z())elk.p + h . C) —
kmp hw”
ik-p
2. (chp(z)wk”"(z‘))e whee) (1)
kop hw

ap

For convenience here we have dropped the infinite

constant self-energy term of the positive point charge

( Z 1V, kmp(zo) ‘Z/Flwu and — Z |W(,T,(zo) |2/
kmp kap

fiw,, ) , which is equivalent to adjusting the baseline

of the energy. And then we use two LLP-like unitary

71 1o simplify the calculation

U, = exp [ ( - iz a:mpakmpk ) ) +

kmp

( - iz Uy lik * P ) ]
kop
U, = exp[ Z (alfm,fl - ay,fi ) +

kmp

S @iy = gl ) |

kop

transformations

(12)

(13)

fis s fi, fo are the variational parameters. After
the two unitary transformations the Hamiltonian of
the system becomes
H” =U,"U'HU,U, =
lo o K&

h o Fz —
“om. pappc')p 2. 57 s+ V(z) + |lel|Fz

2 2
‘ oS (h L TF
ean/p + (2 -2)° gi( “n me)

272
hk
(akmpakmp +f‘]akmp +ﬁ akmp+|](‘] ‘ 2)+Z (hw + R) .

kap
2
(al:upakup +.f2al:rup +f2* ako—p + |.f2 | ) +

Z { kmp(z>akmp + Vkmp(z)fl +h-ct +

kmp

S AW, (Day, + W, (2)fs +h - cl -

kop

kp (2) Vi (Zo)eik.p _
Z { . hwzl +h- c}

kmp
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ik-p 2 2
Z { kap(z> Zkop(Z())e +h - c}_ Hfree = - ij(fizz + V(Z) + HF + HLO + He,Lo +
kop W, .
h + + * H, + HP_ (19
- Z p : k( a’kmpakmp + f‘l akmp + f‘l akmp + |f‘] | : ) - 10 10 )
m kmp where
i Zp k( akqpakap +.f2akn-p +j‘2 aka‘p ‘fz ‘ 2) HP-LO = z % kmp (Z) el pakmp + h } ( 19 1 )
ko‘p kmp
(14) H.o = > (W, (2)e* a, +h-cl (19.2)
kop

Here we have ignored the multi-phonon processes for
this kind of weak e-p coupling case. Since we are
interested only in the ground state of the impurity
system, and assume that momentum of the electron
in x-y plane is zero, the last two terms in the above
equation can be assumed to be zero.

Considering the polaron being bound by the im-
purity center as well as confined in the QW, we

choose a variational trial wave function as follows

| d)> = No(B,A) by (2) -

exp[ =Sz =2)? +p2] 10) (15)
where
by (z) = cos(zé)exp( %) (16)

10) in (15) is the phonon vacuum state. N,(3,A)
is the normalization constant of wave function (16).
B and A are both the variational parameters and will
be determined by minimizing the expectation values
of Hamiltonian (1).

The ground-state energy of the bound polaron
then can be calculated by the following mini-
mizing equation

E, = Tg«dblﬂ** | D) (17)
The binding energy of the bound polaron is then
given by subtracting the ground state energy from the
free polaron energy E..
E, = F

To calculate the free polaron energy, we write down

-E (18)

free g

the corresponding Hamiltonian by dropping the free

motion of the electron in the x-y plane ;.

Using the LLP-like unitary transformations (12) and

(13), the free polaron Hamiltonian is transformed

into
flet' = U U HfreeU U
& Wk
_Zmedz2+V(Z)+ le | Fz + ;;‘)(hw]"+2me)
+ ZkZ +
akmpakmp + kz: (hwo-p + Zm )akn’pakcp -
op e
| Vi (2) | | Wi (2) |
kz: = h2k2 - kz: o hzkz (20)
mp ap
hiw 2, hw,, 2m,

Choosing the trial wave function

|f> = (bo(z) ‘0>

the free polaron energy can be calculated by
E. = mﬁln<f‘ H,, ‘f>
Finally, the Stark shift of the binding energy of the

(21)

(22)

bound polaron is then determined by

AEy = Ex(F) - Ex(F =0) (23)

4 Numerical Results and Discussion

The calculations of the binding energies of do-
nor impurity states with and without including elec-
tron-10- and LO-phonon interactions for various
values of the electric field are numerically performed

The re-

as an example,

for several -V compound QW systems.
sults for GaAs/Al, , Ga,, As QW,
are shown in Figs. 1 ~3. The parameters used in the
calculations are listed in Table 1.

In Fig. 1 we plot the variations of the binding
energies of the impurity state located at the well-

center of GaAs/Al, ;Ga, ,As QW as functions of the

Table 1 Parameters used in the computation. Phonon energies are measured in units of meV and electronic effective

mass in units of the bare electron mass

£ £ hw, o hwq m,
GaAs'? 13.18 10.89 36.25 33.29 0.067
AL Ga,  As'?! 13,18 -3. 12« 10. 89 -2. 73« 36.25 —6. 55x + 1. 79x% 33.29 - 0. 64x — 1. 1647 0. 067 +0. 083x
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Fig. 1 Donor impurity binding energy with (solid) and with-
out (dotted) impurity-phonon interaction as functions
of the well width in GaAs/Al, ;Ga, ,As QWs for three
different values of electric field: ¥ =0, 50, 100 kV/

cm. The impurity center is located at the well-center.

well width for F =0, 50 and 100 kV/cm. As expec-
ted the donor impurity binding energies increase
monotonically with decreasing the well width. It is
clearly seen by comparing the results for F = 0, 50
and 100 kV/cm in Fig. 1 that the external electric
field reduces the binding energies and causes a Stark
shift. The electric field effect on the binding energy
is rather weak for small size QWs. Only at large QW
sizes, the electron wave function is significantly
modified by the applied electric field, leading to
smaller values of the binding energy for a donor loca-
ted at the center of the well. It is well known that the

electron is pushed against the direction of the applied

electric field and therefore the binding energy of the
donor is weakened. It is also seen clearly that the
Stark effect becomes stronger with increasing well
width. Furthermore, the influence of the impurity
state-phonon interaction on the Stark shift can also be
found for the GaAs/Al, ,;Ga, ;As QW in Fig. 1. The
binding energies with phonon influence are lower
than those without phonons for the whole field range
from F =0 to 100 kV/cm. It is known that the e-p
coupling screens the coulomb interaction between the
donor and the bound electron, so that the impurity
state binding energy is obviously reduced. The cha-
racteristics of the Stark energy shift of the impurity
state on the well-width and the field obtained in this
work are in agreement with Ref. [ 15]. However, the
latter gave over weak effect for the e-p influence on
the bound polaron energy, due to omitting the impu-
rity-ion-phonon interaction.

Fig.2 displays the variation of the donor impurity
binding energies as functions of the impurity position
z,, with field intensities of 0, 100 and 200 kV/cm
for the QWs of d =3.5, 5.0 and 7.5 nm. For the
zero-field case we obtain central symmetrical curves
of the binding energy around the impurity center,
either with or without considering the phonon effect.
The peak of the binding energy curve moves towards

the z, <0 direction and the symmetry around the

22 18

Binding energy/meV

F=0 kV/em

MQOO kViem E 127 =200 kV/cr\nn

®) 16 (c)

7} F=100 kV/em'},

#=0 kV/emt )

\ | \ \ !
-04 -02 0 02 04

Impurity position(z)

oL | |
-04 -02 0

Impurity position(z)

8 | | |
-04 -02 0 02 04

Impurity position(z)

! !
02 04

Fig.2 Donor impurity binding energy with (solid) and without ( dotted) phonons as functions of the impurity position z in the
GaAs/Al, ;Ga, ;As QWs with the well width (a)d =3.5 nm, (b)d= 5 nm and (¢)d =7.5 nm for the electric field

F =0, 100, 200 kV/cm.
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Fig.3  Impurity binding energies with (solid) and without (dotted) phonons as functions of the applied electric field for GaAs/
Al ;Ga, ;As QWs with the well width d =5 and 10 nm for different positions of the donor impurity (a)z= -d; (b)z=

-d/2; (¢)z=0; (d)z=d/2; (e)z=d.

z, = 0 position disappears when F # 0, since the
electron is pulled against the electric filed with
increasing the field intensity. At the same time, the
binding energies become more sensitive to the elec-
tric field when the impurity center deviates from the
center of the well. On the other hand, the binding
energy increases and the Stark shift decreases for all
impurity positions with decreasing well width, due to
an increase of the quantum confinement effect. It is
also found from the figures that the electric field en-
hances the donor impurity binding energy, when the
impurity center is positioned on the left of the bin-
ding energy curve peak. In contrast, it decreases
when the impurity is positioned at the right side of
the peak. As was mentioned above the donor impurity
state binding energy with phonon effect is lower than
that without phonon field. It is worthwhile to note
that the e-p interaction has a stronger effect on the
binding energies of polarons when the impurity cen-
ters are located near the well center.

For the sake of demonstrating the electric field
effect, we also illustrate the dependence of the donor
impurity binding energy as a function of the applied
electric field for different donor impurity positions in

the GaAs/Al, ;Ga, ,As QWs with several well widths,

as shown in Fig. 3.

One can see from the figures that the binding
energies of donor impurity states vary with the elec-
tric field strength significantly for the wide well
case. Whereas the curves are almost flat for narrow
wells, especially, when the impurity center is loca-
ted at the well center, because the electron and the
impurity ion can not be pulled apart very far due to
the confinement by two closed spaced barriers.
Moreover, the characteristics of the variations of the
binding energies with the field are different for vari-
ous locations of the impurity center. Since the elec-
tric field pulls the electron towards - z-direction in
the QW against the field (along to z-direction) , the
binding energies decrease with increasing the electric
field for the donor located at the center and z >0 po-
sitions, where the probability of finding the electron
is reduced. On the other hand, the binding energies
increase significantly with the electric field for the
donor located at the left edge (2= —d) in the well.
Another interesting feature seen from Fig. 3 is that
the slopes of the curves for the binding energies
without phonon effect are steeper than those with
phonon contribution for this system. This is due to

the fact that the e-p interaction introduces a depola-
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rized field and reduces the macroscopic electric

field, so that the Stark effect is weakened.

5 Conclusion

In conclusion, by taking electron-phonon inte-
raction into account, the numerical results of the
binding energies of donor impurity state in the
GaAs/AlGaAs QW are obtained as the functions of
well thickness, impurity position and applied electric
field. The results show that the electron-phonon in-
teraction reduces the donor binding energy and the
Stark effect. The binding energy as well as Stark
effect is sensitive to both the well width and the

impurity position in QW. The binding energy may

This behavior depends on the well width and the im-
purity position in the quantum well. Tt is also shown
that the electron-phonon interaction causes so signifi-
cant correction to the impurity state binding energies
that the Stark effect cannot be neglected.

It is pointed out that the image potential caused
by the polarization of the valence electrons is ignored
in our calculations, because the attention is focused
on the phonon contributions to the binding energy.
Previous authors have also concluded that the total
image potential effect on the impurity binding energy
is much weak by taking both the impurity ion and
bound electron image potentials into account in this

kind of QWs'*/.

either enhance or diminish with increasing field strength.
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