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Binding Energy and Photoionization of Hydrogenic Impurities
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Abstract: The binding energy and the photon energy dependence of the photoionization cross—section are calculated
for a hydrogenic impurity in GaAs/Gai- :Al:As quantum well wires. The correlation between confined and non-con-
fined direction of the wire in the variational wave function is taken into account. The results show that the pho-—
toionization cross—sections are affected by the width of the wire and that their magnitudes are larger than those in
infinite potential quantum well wires. In comparison with previous’s results, the variational wave function improves

the binding energy and decreases the value of photoionization cross—sections of the hydrogenic impurities, which

makes the results more reasonable.

Key words: photoionization cross—section; binding energy: hydrogenic impurity; quantum well wire

PACC: 7865; 7320D: T7115P

CLC number: 0471. 1 Document code: A

1 Introduction

The photoionization process is one of the pow—
erful means to understand the optical properties of
carriers in semiconductors. The study of the pho-
toionization cross-section can be used for the char-
acterization of the impurity states in the materials
of semiconductors. There have been many studies
that examine the binding energy and the behavior
of the photoionization cross-section as a function of
photon energy in low-dimensional electronic sys—

tems, such as quantum wells {QW-'S)I -8 quantum
well wires (OWWg) """,
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In 1997, Sali et al. investigated the photon en-
ergy dependence of the photoionization cross-sec—
tion of a hydrogenic impurity located in a finite
GaAs/Gai- Al As QWW and they considered the
case that the light was polarized along z-direc-
tion'"". They have also worked on the similar ob-
ject in the case that the light is polarized along x -
direction and have found that the shape of the pho-
toionization cross-section is entirely different from
the case of the z-direction polarized light and the
value of the photoionization cross-section is small-
er''"". The above two papers have a common ground
that they both take variational approaches and

adopt a simple form for the variational wave func-
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tion, in which the correlation between confined (x—
and y— direction) and unconfined direction (z-di-
rection) of the QWWs is not considered. So their
results should be very approximate and can not
embody the real situation. But the correlation has
been shown to be negligible only for the region of
small well width for QWWs''?, so it is necessary to
make further theoretical study for the binding en-
ergy and the photoionization cross-section of the
hydrogenic impurity in QW Ws.

In this paper, we employ another variational
wave function to recalculate the binding energy and
photoionization cross-section, considering the cor-
relation between confined and nonconfined direc—
tion of the QW Ws, which is widely used to calcu—
late the binding energy in many references' "™ "
Our results show that the binding energy of the
impurities is improved and the photoionization
cross-section is decreased in comparison with the
previous results. It is arranged as following: first,
the binding energy of the impurities is calculated
by using our wave function; then, the photoioniza—
tion cross-section is obtained from the wave func-
tion and the binding energy when the light is polar—
ized along z-direction and x —direction; finally, a de-

tailed analysis is made for the results.

2 Theory and calculation

2.1 Variational wave function and binding energy

We assume that a single impurity is located at
of GaAs/Gai-.AlLAs QWWs, the

Hamiltonian of the hydrogenic impurity can be

the center

written in the effective mass approximation as

Pl e _.

2mi Gr + Vix,y) (1)
where

L0, x| < L./2,]y] < L./2

Vix,y) = | (2)

Vo, else
mi(i= 1, 2) represents the electron effective mass
in the well and barrier. €(i= 1, 2) is the dielectric

constant in the well and barrier, and Vo is the mag-
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nitude of the barrier.

We make use of the variational approach to
get the eigenvalue of formula (1). Considering the
correlation between the confined and unconfined
directions of the QWWs, we choose the trial wave
function of the ground state as

Yi(r) = Bh(x) h(y)exp(= a) ()
where

| x| < L./2

cos(Ox),

‘h[x) = | cos( 0. %)exp(ﬁn.\- %)exp(— Bl x| ),

| x| > L./2
(4)

N(y) is similar to R(x).which is the wave func—

tion of the electron first subband and in which o

2m.E . 2ma( Vo= E) 1 .
= [% n nh: ! 12.Ewis

(x)

derived from continuity of the wave function h(x)

on the border of the well and barrier, as mifi. =

]é and i = |

L. . . . -
matictan( o 5) ,in which A is the variational pa-
rameter, B the normalization constant, and r =

/.2 2 2 .
"+ y + z” the distance between the electron
and the donor ion. The ground state energy of the

hydrogenic impurity (or the initiate state energy of

‘Fff HWY.dT
fu{l dr

The binding energy of the hydrogenic impurity

the system) is

Ei= (5)

is the electron energy without impurity ion sub-
tracting the hydrogenic impurity energy.

Ev= E.— min ¥|H| %) (6)

2.2 Calculation of photoionization cross-section

The general expression for the photoionization

cross-section associated with an impurity in the
. . . [9~ 11]
dipole approximation as

eff

oty = | (B2

0 €

Taro | |’
!

(7)

where nr is the optical index of refraction, € is the

X §(Ef - Ei- hw)

dielectric constant, ® is the fine structure constant
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and Ey is the energy of final state. The factor

( F:)- is effective field ratio, which does not affect

the shape of the photoionization cross-section and
can be equal to 1" ",

(1) For the light polarized along z-direction,
we consider the photoionization as an optical tran—
sition from the impurity ground state to the first
subband state (n.= 1, ny,= 1). The final state of

wave function is taken as
() = b B expliks)  (8)

where the expressions of A (x) and ¢T()) are the
same as that in the above expression (4).

(2) For the light polarized along x -direction,
the photoionization is the optical transition from
the impurity ground state to the second subband
state (n.= 2, n,= 1) and the final state wave func—

tion is taken as
() = b R exp(ika)(9)

where 41(95) is the electronic wave function of the

second subband in the x —direction of the wire.

— sin{ ot Lzz)exp[ﬁ:. !5 Jexp(fux), x < - L./2

h(x)= | sin(oex), |x]| < L/2
sin( oo %‘)exp(ﬁa %)exp(— Brx), x> L./2
(10)
where o= ( Zm:',;z.\-)% and fa.= [ 2ma V:‘_z E) ]%

E> is the second subband energy and satisfies the
transcend equation, mifz = — mateccot( ol /2).
For every uncontinuous E. and E,, there is a

subband caused by the continuous E: and the final

- L
state density is P: = T

4” \IIE:

in the matrix element of the dipole transition in

, which leads the sum

Eq.(7) to the numerical integral.
S| @l | Y| 2S(Es - Ei- hw)
T
LI.—dE;
41 J'E;
(11)

where the final state energy is Er = E:+ E, + E.

- f Wl r | )| S(Er - Ei— how)

Yl H| V) .

Due to the conservation of energy in the above

and the initial state energy E: =

equation, the integral variable

E.= hw- (E.+ E, - E) = hw- E.(12)
where E is the threshold energy of the photoion-
ization.
GaAs/Gai- AL As
QWWs are!™: x = 0.3, the effective mass mi1 =
0. 0665mo in the well and m2= (0. 0665+ 0.083x)

X mo= 0.0914mo in the barrier, mo is the mass of a

The parameters of the

free electron, the dielectric constant er= 12.58 in
the well and &= 12.58(1- x) + 10.1= 11.836in
the barrier, the barrier height is Vo, the refractive
index nr= 3.6. In our calculation, we use units of

the effective donor Bohr radius and the effective

Rydberg, respectively, given by a* = e = 10nm

and the energy R, = 2: + = 3. 72meV .

1

3 Results and discussion

Figure 1 shows that the binding energy varies
with the wire width L. in the two cases of the
square (L:= L,) and the rectangular (L,= 2L.)
cross-section QWWs. From Fig. 1, it can be seen
that the binding energy has a peak at a certain wire
width Lipeats (about 2. 5nm) for the square cross-
section QWWs because the finite barrier height de-
termines the maximum allowable Coulomb interac—
tion. Reducing L« leads to a greater effective inter—
action between the electron and the ion, but also a
greater likelihood that the electron will be found
out of the wire (in the barrier), thus the binding
energy decreases from the peak. Increasing the wire
width beyond Li(peak) weakens the Coulomb interac—
tion because the barrier no longer forces the elec—
tron near the impurity, which makes the binding
energy decline with the wire width L. increasing.

In the case of the rectangular cross-section
QWWs, the shape of binding energy varies with the
wire width L.. The variation is similar to that of
the square cross-section Q WWs, and only the max-
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Fig. 1 Binding energy versus well width L«

imum value of the binding energy and correspond-
ing peak position are different. In the former, the
distribution of the electron wave function is more
extensive and the impurity binding energy is small-
er. For the same reason, when the same width of
the square wire is same, the binding energy of the
impurity in the infinite QW Ws is greater than that
of the finite QW Ws. It can be seen that as the size
of the wire is very small, the wave function can not
penetrate into the infinite barrier and the binding
energy approaches infinity with the wire width de-
creasing. But with the size of the wire width L. in-
creasing, the confinement of barriers in the infinite
QWWs has similar effect on the binding energy of
the impurity as that in the finite QWWs, thus the
binding energies for the wider wires in the two cas—
es are close to the same value.

Comparing our results with that in Ref. [ 21]
(the solid dot in Fig. 1), the binding energy we oh-
tained is larger for the moderate and wider wire
width. One reason for this is our consideration of
the dismatch of effective mass and dielectric con-
stant, another is that the correlation between con—
fined and unconfined directions can not be neglect—
ed for the case of wider wire width. Thus, we
demonstrate the validity of the results of Ref.
[12].

When the light is polarized along the axis of
the wire (z-direction), the final state is the first
continuum subband. Figure 2 shows the results we
have obtained in three different cases: finite wire
(L:=0.5¢ ,Ly=1.0a") and (L.= L,= 1.0a" ),
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infinite wire (L.= L,= 1.0a" ). It can be seen from
the Fig. 2 that the photoionization cross-section
rises from zero absorption at the photoionization
threshold, and peaks at the larger photon energy
and then decreases monotonically for much larger
photon energies, which has accordance with Ref.
[ 10]. From the equations (6) and (12),we can see
that the threshold energy is just the binding energy
of the hydrogenic impurity. So the greater E\ is, the
stronger the electron is bound and the smaller the
photoionization cross-section is. It also can be
known that the binding energy of the impurity in
the finite square cross-section wire is larger than
that in the finite rectangular cross-section wire
(Fig. 1), so the photoionization cross-section is
smaller in the square cross-section than in the rect-

angular cross-section for the same wire width
(Fig.2).

- - - L,=054",L =1.0a"
—L=L=10a"
3 .- - Infinite wire
10 L=L=10a"
H
R
° 10"
107 L

i i I— i 1
12 14 16 18
Photon energy/E,

L0 20

Fig. 2 Photoionization cross-section as a function of
photon energy for three cases: finite wire (L= L,=
1.0a" ), (Le= 0.5a" ,Ly= 1.0a" ) and infinite wire
(Li=L,=1.0a")

Final state is the first subband.

The same reason is used to explain that the
value of photoionization cross-section is larger in
finite wires than that in infinite wire for the same
size of QWWs.

When the light is polarized perpendicularly to
the axis of the wire (e. g. x-direction), the final
state is the second subband because of the asym-
metry of the wave functions of the transition be-
tween the initial and final states. Figure 3 shows

the results of three different cases: finite wires (L.



6 1]

Liu Jianjun et al. :

Binding Energy and Photoionization of Hydrogenic Impurities **

=L,=1.0a") and (L.= 1.0a" ,L,= 2.0a" ), infi-

nite wires (L= L,= 1.0a" ). It can be seen that as

107k —L.=L~1.0a"
- - - L=10a"L2.0a
]0‘“ « - - - Infinite wire
'\ L=L=10¢"
ﬂEo 1 0—|s |
5
107°F
107}
10"8 PR L PR TR 1
10 12 14 16 18 20

Photon energy/E,

Fig. 3 Photoionization cross-section versus photon
energy for three cases: finite wire (Ls= Ly= 1. 0a’ ),
(L.= 1.0a" L= 2.0a" ) and infinite wire (L.= L,
=1.0a")

Final state is second subband.

the photon energy is threshold energy, the pho-
tolonization cross-section is maximum and then de-
creases monotonically from the maximum absorp-
tion with the increase of photon energy, it is entire—
ly different from the case of z-direction polarized
light (Fig. 2). Because under this condition, for the
same wire width, the second subband energy is
much greater than the first subband energy, the
threshold energy is enhanced and greater than the
ground state binding energy of the hydrogenic im-
purity. Similarly, the difference between the bind-
ing energy of the impurities for square and rectan—
gular cross—section QWWs results in the distine—
tion in the photoionization cross-section.
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