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A theoretical study of variation of photoionization cross section of donor
impurities in a GaAs quantum dot of cylindrical geometry with incident photon
frequency, donor location along the dot axis and applied uniaxial stress

F. Oketct-® and H. Oyoké-*
%Department of Physics, Pwani University, Kilifi 195-80108, Kenya.
*e-mail: h.oyoko@pu.ac.ke
®Department of Mathematics and Physics, Technical University of Mombasa, Mombasa 90420-80100, Kenya.

Received 19 June 2019; accepted 19 July 2019

In this work, we have used a variational technique within the effective mass approximation to study the variation of the photoionization cross
section of a donor impurity in a cylindrical GaAs quantum dot with incident photon frequencies and applied uniaxial stress. We have used
the dipole approximation and assumed that the barrier potential is infinite. Our results show that the photoionization cross section begins at
a finite value and increases with increasing frequency until it reaches a peak and then it decreases gradually, almost exponentially, until it
reaches a finite value when it is almost insensitive to any further increase in frequency. Furthermore, for a particular quantum dot length, the
photoionization cross section decreases with increasing applied uniaxial stress. We have also noted that the longer the quantum well dot, th
larger is the photoionization cross section.

Keywords: GaAs quantum dot; photoionization cross section; hydrogenic donor impurity; non hydrogenic donor impurity; uniaxial stress.

PACS: 73.21-b; 73.21 La DOI: https://doi.org/10.31349/RevMexFis.66.35

1. Introduction tion cross-section of the donor impurity with incident pho-
ton frequency, the location of the donor impurity along the

The invention and development of new techniques for fabri-axis of QD and applied uniaxial stress. In the study, we cal-

cating semiconductor nanostructures [1-5] have made it posulated the donor impurity binding energies as functions of

sible to design quantum wells, quantum well wires and quanthe location of the donor impurity along the axis of the QD,

tum dots of various cross-sections. Of these, one semicoriacident photon frequency and applied uniaxial stress. We

ductor material that has been of great interest for device agthen used the binding energies to calculate the photoioniza-

plication is Gallium Arsenide (GaAs). The GaAs has beention cross-sections of the donor impurity when the system is

studied extensively both experimentally and theoretically [6-subjected to various incident photon frequencies, applied uni-

14]. These studies have been directed towards determinirgxial stress and for various locations of the QD axis. In our

its potential for optical and electronic device applications. Incalculations we have used a variational technique within the

this regard, the GaAs quantum well dot is of particular inter-effective mass and dipole approximations [26,27]. It should,

est. This is, essentially, an object with zero spatial dimenhowever, be noted that other works [28-30] have employed

sions. The quantum well dot comes in cylindrical, rectan-other techniques such as spin density functional theory in-

gular, triangular and, some other quite esoteric geometriestead of the variational technique to carry out similar studies.

Studies have been carried out on donor impurity binding enWe have assumed that a GaAl . As matrix surrounding the

ergies in GaAs quantum wells [14,15], quantum well wiresGaAs QD provides an infinite potential barrier.

[16] and quantum dots [17-19]. Further work has seen the Our work is organized as follows: In Sec. 2 we present

use of the binding energies to compute density of impuritythe theoretical framework, while in Sec. 3 we present the

states [9] and photoionization cross-sections [20-26] whemesults and discussions. Finally, in Sec. 4 we give our con-

the system is subjected to external constraints. In our preelusions.

vious work [26], we have studied the effect of Hermanson'’s

spatial dielectric function, finite and infinite barrier poten- i

tials and axial lengths on the photoionization cross-sectiord- | heoretical model

of a hydrogenic and a non-hydrogenic donor impurity in a

GaAs quantum well dot (QWD) of circular cross-section.

We found that the photoionization cross-section of the hy-rpe yamiltonian for a hydrogenic donor impurity which is

drogenic (_jonor |m|_our|ty_|s much larger than that of the non-4ated along the QD axis is given by

hydrogenic donor impurity in the same frequency range and

in the finite and the infinite barrier potential regimes. K2 106 K] o?

In the present work, we have considered a hydrogenic Hy = ~2m*(p) {aap (pap> T 322}

donor impurity located at different axial positions in a GaAs )

guantum dot (QD) of cylindrical geometry. We have carried _ €

out a theoretical study of the variation of the photoioniza- drme(p)[p? + (2 — 2;)?]V/?

2.1. Hydrogenic Donor Impurity

+VB(p727P)7 (1)



36 F. OKETCH AND H. OYOKO

where,m*(P) is the stress dependent effective mass of thds the barrier potential which confines the donor impurity
donor impurity in the QD and(P) is the stress-dependent di- within the quantum dot. In this equatioh, (P) is the stress-
electric function. The position of the donor impurity is given dependent length of the QD an{j(P) is the barrier height
by as a function of the applied stress. These are given by,
r=[p?+ (z — z)%">. 2
o7+ e = =) @ LP) = LO - (Su+25)P) (@)
In Eq. (1),
9 —1 and
*(P)={14+Ep | = +[Ep(P)+Ao] " e (3
(P~ {5 | g HER P A ) e @

wherem, is the mass of the free electron [31-33L =

7.51 eV is the energy related to the momentum matrix eleyhere in Eq. (7),511 = 1.16 x 1073 (kbar)™! and S;» =
ment,A, = 0.341 eV is the spin-orbit splitting energy,, is 3.7 x 10* (kbar)"! and L, (0) is the unstrained length of
the uniaxial stress-dependent energy gap for GaAs QD semihe QD. In Eq. (8)(Q. = 0.658 is the band offset parameter,

Vo(P) = Q:AE, (z, P), 8)

conductor at thé'-point in units of eV [34]. while AET (z, P) is the band gap difference between the QD
EL(P) = a+ bP + cP? (4) material and the barrier material and is given by
= = -2 = I _ I
wherea 1.425 eV, b 1.26 x 10~= eV/(kbar), c AEY(z,P) = AEY () + PD(x), (9)

—3.77 x 1075 eV/(kbarf and EL(0) = 1.519 eV is the en-

ergy gap for the GaAs QD at tHé-point when the uniaxial where in the above equatlonAEF( ) = (L.15z +

stress is” = 0 kbar. In Eq. (1), the stress-dependent dielec+ 37,2) ey gives the variation of energy gap difference in

tric constant is given by [31-33] the absence of the applied stress, while the quaftity) =
£(P) = ¢(0) exp(6 P), (5) [—(1.3 x 1073)2] eV/kbar is the stress coefficient of the band

gap. Our trial wave function for the hydrogenic donor impu-
where,(0) = 12.56 is the static dielectric constant of GaAs, iy in its ground state is given by

[13] andd = —1.73 x 102 Kbar.
In Eq. (1), V;(p, 2) = NiJo(ap) cos(Bz)

Vi (p,z P)=V(z P)z{ R S xexp { Al + (2 = 2)2} . (10)
) ) ‘/O(P), ‘Z| > LzéP) 9

| Thus, the kinetic energy is found as follows,

h? 10 0 0? h? 10 d 0?
.=~ gt 5 (08) 0 Y0 I ey oy (7o) * Ml
h2
2m*(P)
2AJo(ap) cos(Bz) 2 adi(ap)pcos(Bz) 208N, Jo(ap)sin(B2)
R EEE D TR P T e E I

where,Hr is the kinetic energy part of the Hamiltonian given in Eq. (1).
The kinetic energy of the donor impurity is thus obtained as,

x cos(2) exp{—Alp? + (z — 2)*]'*} = — Niexp{=Alp* + (z — 2)*]}

X [(—Oz2 — 3%+ 2% Jo(ap) cos(Bz) — ] . (13)

d
RAN?(a? + 3% — \?) )\h2N2 / 72
om* (P) r

Iy = /‘If?(p, 2)HrWi(p, 2)]dV =
0

(L=(P)/2)

d
cos?(B2) exp{—A[p? + (z — Zi)2]1/2} )\ah2N ,
X / (02 + (z — )22 (P) /p J1(ap)Jdo(ap)dp
0
(L.(P)/2) 2(5 ) (=] 2+( )2]1/2} BARZN? d
cos?(Bz) exp{—Alp 2=z ;
x / (02 + (2 — 2)2] dz — — P /pJg(ap
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(L=(P)/2) . 02 a1y
y cos(B2) sin(Bz) exp{=Alp* + (= = 2)*]/%} 12
2 — _\211/2 zaz (12)
[0* + (z — 2i)?]
The potential energy for the hydrogenic donor impurity is given by
v S ! v gy = N %d / T2 (ap)d
h(p7 Z) - 7471'8(0) / L(p7 Z) |:(p2 + (Z — Zi)2)1/2 (p,Z):| - 747’[‘8(0) O/ d)o/p O(QP) 4
(L2/2) d
cos?(3z) exp{—2\[p? + (z — 2)?|*/?} eszh )
) / [0 + (2 — 2)2]'/2 == =50 /”JO(O‘p)dp
0
7 cos? (2) expl=2A + (2 — 211
COS Z)expy— 1% z— Z;
< | [P+ Gz = 22172 * 13)
Thus, the total energy of the donor impurity is given by
Eh,total = Th + Vh (14)

2.2. The total energy of the donor in the excited state

he minimum energy&,,.;, of the donor impurity is obtained
The Hamiltonian of the hydrogenic donor impurity in the fi- from the expression in Eq. (14), subject to the minimization

nal state to which the donor is excited is given by condition
K2 10 0 02 OFEh, total
Hi=——""—<¢—— | p— V 15 . =0. 20
=i o (o) o Vil 2) () . (20)
and we have taken the wave function for the donor impurity ~ The binding energy of the donor impurity is then obtained
in this state to be from the Eqgs. (14) and (19). Thus,
U (p,z) = Nydo(ap) cos(Bz) exp(ikz), (16) Ebinding= Ef — Emin- (21)

but in this statek = 0 in the first excited state. Hence the 2.3. Non-hydrogenic donor impurity

total energy of the donor impurity in this state is o ) ) o
The Hamiltonian for the non-hydrogenic donor impurity is

Ui [H W r|dV iven b
SO Hp ] an ° y
2m*(p) [ O3wdV

Ef =

yo W [rof 8}, @
where [ W1 WdV = 1 is the normalization condition which ok 2m*(P) | p dp p@p 022
yields

€2 1
- . (22
- L./2 1 dne(p, 2, P) [P+ (z—2) 2]/ +Vi(p,2). (22)
2 _
Ny = / / / cos’ ] and the stress-dependent spatial dielectric function is given
LY o by
r L./2 -1
= /pJO ap)dp / cos? ] . (18) e(p,z,P) = e(p, 2) exp(0P), (23)
- 0 where,6= — 1.73 x 1073 kbar~! and,
From Eqgs. (16) and (17), the total energy of the excited 1 1 1
state is found to be =) = =) + ( 5(0))
h2(a2 +52)
Ey=—-"" 7/ 19 1
T Y ) . exp{ - c[p2+<z—zi>211/2}, (22)

Rev. Mex. k5. 66 (1) 35-41



38 F. OKETCH AND H. OYOKO

is the Hermanson'’s spatial dielectric function [35] with= have also used the same trial wave function as for the hydro-

5.38 x 10721 nm~1. genic donor impurity case. Thus,
The static dielectric constant was taken to 4§8) =
12.56 [13]. Vien(p,2) = Vi + AV (25)

The Hamiltonian for the non-hydrogenic donor impurity
now has an additional terrd\V/, in the potential energy op-
erator due to the spatial dielectric functiarip, z). Here we  WhereV; is given by Eq. (13) and\V' is a perturbative term
|  due the spatial dielectric function and is given by

av=- (1= ) 7 4o /d eoyin | {- oy 2}d2
4 £(0) h / / 0 / [0+ (2—2)2]1/2
or
oy =55k <1 B 1) jPJQ(aP)dp e e {_ (c2) [”Z“z‘zi)QWZ}dZ, (26)
2 £(0) ) 0 / [0+ (2—2;)2]1/2

The total energy of the non-hydrogenic donor impurity isI

thus given b ; J + zk
g y 7= (pcos)i+ (psinb)j + zk. (29)

Evotain-n = T + Vi + AV. (@7) Furthermore, in Eq. (28)

The minimum energyFiota.»n—n, for the nonhydrogenic 5 e AT
. . . e .. : Er— Eq',+ — .
donor impurity is obtained by minimizing the above expres-  6(E7—( ) (o= (B, —E2) P+ (D))

sion with respect to the variational parameter
whereI" = 0.1R* is the donor impurity linewidth. Here,
2.4. Binding energy and photoionization cross-section ~ R* ~ 5.25 meV is the effective Rydberg energy.

(30)

In both hydrogenic and non-hydrogenic cases, the bindin% R It d di .
energy is obtained by subtracting the respective minimum en=" esults and discussion

ergy from the free energy. The binding energy is then used 1§, s section we present our results and discuss their impli-

obtain the photoionization cross-section from cations. In Fig. 1, we show the variation of the photionization
(472) n ot ]2 cross-sections of an on-center hydrogenic donor impurity in
o(w,P) = 3<p w {(0)} {gﬁ] a cylindrical QD with incident photon frequency for quantum
€ 0
24
x> (W | W) 6By — By — hw).  (28) P —— L =10nm
J 2L ;"/ \'\.\ = LZ=20 nm
In Eq. (28),(¥¢| is the final state into which the donor ' — L =30n0m
impurity is excited,|¥;) is the ground state trial wave func- & 16 e L =40 nm
tion of both the hydrogenic and non-hydrogenic donor im- £ S L =50 nm

purities, whichever is the case in the calculation. The con- & 12

stantsn ande are the refractive index and dielectric constant =
of the GaAs QD material, respectively, afig is the effective g . ]
electric field of the incoming radiation on the donor impurity, v |
while & is the average field in the medium. In practice, it al]
is not easy to determin&g, hence the effective field ratio
&efi/€o is used in the calculation of photoionization cross-
section. Since the ratio is not known to affect the shape of
the photoionization cross-section, it is generally set equal to Frequency x 10" Hertz (Hz)
unity [36]. FIGURE 1. Variation of photoionization cross-section of an on
In addition,p = ¢*/hic is the fine structure constant. The center shallow hydrogenic donor impurity in a cylindrical quan-
term (U ¢|7]¥;) is the position matrix element of the dipole tum well dot with incident photon frequency for quantum dot side
moment between the two statg;| and|¥,;), where lengthsL. = 10, 20, 30, 40 and 50 nm.

i Sre—

14 16 1.8 20 2.2 24 2.6 28 3.0 3.2 34 36 3.8 40 4.2
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FIGURE 2. Variation of photoionization cross-section of an on- . L .
center shallow hydrogenic donor impurity with incident photon fre- FIGURE 3. Variation of photoionization cross-section of an on-

quencies for four constant values of uniaxial stré&s; 0, 10, 20, centerlshallow hydrogenic donor impuriFy vyith incident photon fre-
and P = 30 kbars applied along the z axis of the quantum dot; and AUencies for four constant values of uniaxial stré3ss 0, 10, 20,
for quantum dot side length, = 10 nm. and P = 30 kbars applied along theaxis of the quantum dot; and

for quantum dot side length, = 20 nm.

dots of axial lengths,L, = 10, 20, 30, 40 and 50 nm.

We observe that, for all the axial lengths and constant ra- 14
dius of the QD, the photoionization cross-section rises from
some miminum ranging fromr(w) = 1.78 x 10 cn? at

f = 1.4 x 10'2 Hz to a maximum ofs(w) = 4 x 10'%

cn? at f = 1.7 x 10'2 Hz for L, = 10 nm (the solid,

red curve), from a minimum of (w) = 10 x 10*® cm? at

f = 1.4x 102 Hz to a maximum ofr(w) = 23.5x 10'° cm?

atf = 1.8x10'2 Hz QD length ofL. = 50 nm (dash-dotted,
black curve) for the largest photoionization cross-section. It
can also be observed that all the peaks of the photoioniza-
tion cross-sections cluster around an incident frequency of
aboutf = 1.8 x 10'2 Hz. Thereafter, the photoionization
cross-sections decrease steeply at first and then gradually t
some constant values which are close to each other as the in 2
cident photon frequency increases beygne: 4.2 x 102

Hz . It seems that the photmonlzatlpn'cross-sectlon becomes e 1!5 1:s z'o 2:2 2'4 2'6 2'8 3[0 312 324 315 318 4:0 .
less sensitive to further increase of incident photon frequency

beyond this particular frequency regime.

In Fig. 2, the variation of the photoionization Cross- g,gyre 4. variation of photoionization cross-section of an on-
section of an on-center hydrogenic donor impurity with uni- center shallow hydrogenic donor impurity with incident photon fre-
axially applied stress for a range of incident photon frequenquencies for four constant values of uniaxial stré3ss 0, 10, 20,
cies is shown. Specifically, we have used for the appliechndP = 30 kbars applied along theaxis of the quantum dot; and
stress,P = 0, 10, 20, 30 kbars on a QD of constant length for quantum dot side length, = 30 nm.
of 10 nm. We observe that for the same frequency range, the
photoionization cross-sections of the donor impurity increasé@pplied stress is almost four times that f8r= 30 kbar at
from a low value to a peak and then it decreases as the fr&lmost the same frequency.
guency increases beyorfd= 2.0 x 10'? Hz until it reaches From Fig. 3, it is observed that for a constant length
a constant value from aboyft= 4.2 x 10*2 Hz. From this of L, = 20 nm, the photoionization cross-sections follow
frequency and beyond, the photoionization cross-section aghe same trend observed fé, = 10 nm, except that the
pears to be independent of the frequency. It is also noteghotionization cros-sections are much larger with the highest
that for the same QD length, the photoionization increasepeak reachingr(w) = 9 x 10715 cm? for P = 0 kbar and
with decreasing applied stress. For example, the peak of the(w) = 4.3 x 10712 cm? for P = 10 kbar. These values of
photoionization cross-sectionof the donor impurity with no the cross-sections are almost twice the values observed for

12

=
o

o

o(ho)x 10" 15¢m?
S

Photon Frequency x 10" Hertz (Hz)
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10 10
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FIGURE 5. Variation of photoionization cross-section of an on- — z;=0nm; hydrogenic donor impurity

center shallow hydrogenic donor impurity and non hydrogenic
donor impurity with incident photon frequencies for a fixed value

of uniaxial stressP = 30 kbar applied along the axis of the z;=25 nm ; hydrogenic donor fmpurity
guantum dot; and for quantum dot side length= 50 nm.

- - --z;=0nm; non hydrogenic donor impurity

-+ ;=25 nm ; non hydrogenic donor impurity
the QD of lengthL, = 10 nm. Figure 4 also shows the same
trend observed for Figs. 2 andi3., that as the length of the FIGURE 6. Variation of photoionization cross-section of hydro-
QD increases, with other parameters kept constant, the ph@enic donor impurity and non hydrogenic donor impurity with inci-
toionization cross-section are much larger for= 0 kbar dent phot_on frequencies fprafixed value of uniaxial stréss; 30
and decreases with increasing applied stress for constant Qf9ar applied along the axis of the quantum dot; and for quantum
size. This means that applied stress suppresses the photoidi! Side lengthl.- = 50 nm.
ization cross-section of the donor impurity.

In Fig. 5, we compare the effect of applied uniaxial stres{
of P = 30 kbar on the photoionization cross-section for both
hydrogenic and non-hydrogenic donor impurity on a QD of
lengthL, = 50 nm and radius- = 5 nm. Initially, there )
is no difference on the photoionization cross-sections for thé.  Conclusions
hydrogenic and non-hydrogenic donor inpurities with inci-
dent photon frequency until aboyit= 1.5 x 10'2 Hz when  We have used a variational technique within the effective
there is a clear difference in the effect of the applied stress tnass approximation to study the variation of the photoion-
the photoionization cross-sections with the effect being morézation cross-section of a hydrogenic and a non-hydrogenic
pronounced in the non-hydrogenic case than in the hydrodonor impurity in a GaAs quantum dot with incident photon
genic case. This effect on the cross-section reaches its pe#ilequency and applied uniaxial stress. The quantum dot is of
at aboutf = 1.7 x 10'2 Hz. Thereafter, the photoioniza- a cylindrical geometry and the donor impurity is located at
tion cross-sections decrease gradually towards some minim&rious positions along the axis of the quantum dot. In our
at which any further increase in incident photon frequencystudy, we have observed that for both hydrogenic and non-
does not affect the photoionization cross-section. hydrogenic donor impurity the photoionization cross-section

Finally, in Fig. 6, we present the plots of the photoion- increases rapidly with incident photon frequency from some
ization cross-sections for two donor impurity positions alonglow value, up to a peak of about the same cluster of frequency
the z-axis and with incident photon frequency varying fromthen it decreases with further increase in frequency up to a
f =15x102Hzto f = 2.5 x 10'2 Hz for a constant point where the photoionization is no longer sensitive to the
app“ed uniaxial stres® = 30 kbar, and for a QD of radius incident phOtOﬂ frequency. This is true for all positions of the
r = 5nm, and length., = 50 nm. We observe that for on donor impurities and lengths of the QD we studied.
center donor impurities, the photoionization cross-sections of However, the photoionization cross-sections for longer
the hydrogenic and non-hydrogenic donors are close to ead@D are much larger than those for smaller QDs in both the
other while for the donor impurities located at= 25 nm,  hydrogenic and non-hydrogenic donor impurity cases. We
the photoionization cross-section of the hydro- have observed that the applied uniaxial stress depresses the

enic donor impurity is much greater than that of the non-
ydrogenic one throughout the frequency range considered.
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photoionization cross-sections in both hydrogenic and nonthe larger is the photoionization cross-section. It is our
hydrogenic donor impurity cases. Importantly, the photoion-conclusion that when designing thermo-electronic and opto-
ization cross-sections for the hydrogenic donor impurity areslectronic devices using GaAs QDs one should take into con-
larger than for the non-hydrogenic donor impurity for the sideration the frequency at which the photoionization is op-
same incident photon frequencies, QD size, and same agimum, whether or not the donor impurity is of hydrogenic
plied uniaxial stress. The study has, therefore, shown thair non-hydrogenic type. Consideration should also be taken
the photoionization cross-sections of hydrogenic and nonef the stresses to which the device will be subjected to, for
hydrogenic donor impurities are different for the same quanexample, a device which will be used in a fighter aircraft will
tum dot size, the same incident photon frequencies, anbe subjected to very high and sudden g-forces and hence must
same applied uniaxial stress. Furthermore,the larger the Qe robust enough to withstand these forces.
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