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Abstract

The ground state binding energy of axial hydrogenic impurity in zinc-blende (ZB) In,Ga,.N/GaN cylindrical
quantum well wires( CQWWs) are investigated as a function of the In concentration and the radius of the wire
under hydrostatic pressure in the effective mass approximation and variational calculation scheme. The effect of
applied hydrostatic pressure is introduced into the calculations using pressure dependent values of energy band
gap and effective mass. Numerical results show that the ground-state shallow impurity binding energy E, altered
when both the hydrostatic pressure and /n concentration increases for an on-center impurity. We have found that
for large radii the binding energies are not affected by applied pressure. However, in the region where the
particles interact with the barrier the binding energy is strongly dependent on the hydrostatic pressure for all x
values. Furthermore, we have seen that the binding energy of the shallow impurity is affected more by the

change of /n concentration compared to the change of hydrostatic pressure.
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Sig Safsizlik Baglanma Enerjisinin Hidrostatik Basin¢ Altinda In

Konsantrasyonuna Baghhgi

Ozet

Cinko siilfiir /n,Ga;..N/GaN silindirik kuantum telindeki (CQWWs) hidrojenik safsizlik taban durum baglanma
enerjisi, hidrostatik basing altinda /n konsantrasyonu ve tel yarigapinin fonksiyonu olarak etkin kiitle yaklagimi
ve varyasyonel teknikler kullanilarak incelendi. Uygulanan hidrostatik basing etkisi, yasak enerji araligi, tel
yarigap1 ve etkin kiitlenin basinca baglilig1 kullanilarak hesaplamalara katildi. Hesaplamalarin baglanma enerjisi
Ey’ nin merkezdeki bir safsizlik i¢cin hem hidrostatik basing hem de In konsantrasyonu arttirildiginda, bu
parametrelere bagli olarak degistigini gosterdi. Cok biiyilik tel yarigaplarinda baglanma enerjisinin basingtan
etkilenmedigi, Ancak parcaciklarin engellerle etkilesmeye basladigi tel yaricaplarinda baglanma enerjisi biitiin x
degerleri icin hidrostatik basinca bagl oldugu gézlendi. Ayrica, In konsantrasyonunun ve hidrostatik basincin
baglanma enerjisine etkisi karsilastirildiginda /n konsantrasyonundan kaynaklanan etkinin daha giiclii oldugu

bulundu.

Anahtar Kelimeler: Kuantum teli, Baglanma enerjisi, Hidrostatik basing, /n konsantrasyonu.
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Introduction

Recently, the wide-band gap group-III nitrides based on semiconductor heterostructures have
attracted much attention due to their conspicuous device applications both in electronics and
optoelectronics [1-3]. Group-III nitrides can be grown in two types: one of them is wurtzite
crystal structure (WZ) and the other one is zinc-blende structure; these are produced in the
thermodynamic stable configuration and in the metastable modification, respectively [4]. Due
to its high crystal symmetry, spontaneous and the piezoelectric field in the ZB crystal
structures are negligible, which makes them very useful for optoelectric device applications
[5-8]. The binding energy of hydrogenic impurities in quantum well wires (QWWs) depends
upon several micro-parameters such as material properties, impurity position and structural
parameters. Also, some macro-parameters have significant effects on low dimensional
systems such as external electric field, magnetic field, hydrostatic pressure and temperature.
These macro-parameters are also widely studied; for example, Elabsy et al. have included the
hydrostatic pressure effects to the Schrodinger equation and they have concluded that
increasing external hydrostatic pressure gives rise to increased binding energy of donor
impurities [9]. The effects of hydrostatic pressure on the binding energy and donor related
photoionization cross-section in one dimensional (1D) and zero dimensional (OD) GaAds low
dimensional systems have been performed by Correa et al. They have found that the
photoionization cross-section increases with the applied hydrostatic pressure [10].

In this study, we used variational methods in the effective mass approximation scheme
to calculate the binding energy of a shallow donor impurity in cylindrical In.Ga; N/GaN
CQWWs under hydrostatic pressure for In concentration values x=0.2, 0.3 and 0.4 and on the
center impurity at room temperature.

THEORY

The Hamiltonian for a hydrogenic donor impurity in the /n,Ga; N/GaN CQWWs under the
influence of hydrostatic pressure can be written as

2
e

M=t ()

where |r—rl-| —[p" +p} —2pp;cosp+2"1"" 1, and 1; are the electron and impurity ion positions,
respectively. For an impurity ion located at the wire axis, we take p = 0, which also simplifies
1

the algebra. ¢ is the effective mean relative dielectric constant of the embedding material.
Hamiltonian without Coulombic interaction H|, can be written in cylindrical coordinates as

2 2
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where m:v ,are the dependent effective masses in the well (w, In.Ga;..N) and barrier (b, GaN)
regions The effective electron mass is given with m, =[0.19(1-x)+0.10x]m, and m; =0.19m,,

where my,, is the free electron mass[11].
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. m,, p<R(P)
m =
" \my, p2RP) 3)
Similarly, the spatial pressure dependent confining potential V' (p, P) can be assumed as
0, p<R(P)
V(p,P)=
L AR A @

where the radius of the cylindrical wire is R(P), and ¥,(P) is the conductor band offset. The
pressure-dependent energy gap for ZB GaN and InN is given as follows [12],

E,(GaN)=3.22+(yP+5P*) E,(InN)=0.7+(yP+5P?) )

A number of experimental [13,14] and theoretical [15-17] studies have investigated the band
gap as a function of In content. The nonlinearity in the alloy band gap is conventionally

expressed as

E,(Ga, In N)=xE, (InN)+(1-x)E (GaN)- bx(1-x) ©)

where b is the bowing parameter. The band gap energy difference AE, can be writen as,

AE, = E,(GaN) - E,(In Ga, N ) )

and how AE_ is distributed between the valance band (ag,) and the conduction band (AE,)

offset. The band offset (g /AE,) is taken to be 70:30 following reference [18] . V (P) can be

expressed as,

V,(P)=AE,(0.7) ®)

The variation of wire radius R(P) is given by [19]

R(P)=R,*(1-(S,, +5,,)*3P) 9

where S,, and §,, are the elastic compliance constants, which can be calculated using the
definitions of elastic constants S|, and §,, given below [20].

C11C33 B C123
(Cll - CIZ )(C33 (Cll + C12)_2C123) (10)

Sn =

173



Fen Bilimleri Dergisi, 23(4) (2011) 171-180.

C12C33 B C123
(Cll _C12 )(C33 (Cll +C12)_2C123) (11)

S12 =

The eigenfunctions of the Hamiltonian given with Eq (2) are

v, (p.4,2)= Ne™e"*U(p), m=0,%£1,+2.. (12)

where N is normalization constant, &, is the axial component of the electron’s wave vector,
U (,0) and ™ are the radial and angular parts of the electron wave function. U (p) is given
with linear combination of nth-order Bessel function J,, and modified Bessel function K,, The
radial part of wave function for the ground state (m =0, / = 1) is given by,

( ROI(D’;S ) > OSPSR(P)
U( )= "o
» W Ky(byp) .  p>R(P) (13)

Equation (13) satisfies the boundary conditions ( p = R(P))

v, (p.6.2)=v,,(p.4.2)

1 oy, (pd2) 1 oy,.(p.4.2) 14
m(P) dp  m(P) op 9

while 7, and b,, are related with eigenvalue for the ground state E, of the problem in the
absence of Coulomb term, inside and outside the wire, respectively. They are given as

r021 +kzz): (kzz _b§1)+ VO(P)

2m1*(P)(

2m;(P) (15)
In order to obtain eigenvalues of Eq. 1, we need to include the impurity interaction. In this
case an analytical solution cannot be obtained, so we use variational approach. We use the

solution of equation (13) multiplied by a trial wave function chosen as e * (o=pif o=z} ,

where 4 is a variational parameter, that is to be determined by minimizing the expectation
value of the Hamiltonian in the presence of the Coulombic interaction [21]. Therefore, the
trial wave function for the ground state with the impurity effect is given by,
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R(P) (16)

The ground state electronic energy level E of the system with hydrogenic impurity can be
obtained by minimizing the total energy,

(lw) (17)

Since we know now the energy values with and without the Coulombic interaction, the donor
binding energy E, can be defined as follows,

E,(P)=E,—E (18)

For simplification, we transfer our variables to dimensionless ones with p =¢R variable

change followed by scaling length and energy parameters using Bohr radius a, = %( for
b

GaN a, =2.70nm) and effective Rydberg R, = %, ( for GaN R, =27.48meV ) for P=0,

respectively. After some algebra parallel to no pressure case [22], hydrogenic impurity

binding energy as a function of A, is given with

(ar/ai/1)£11 + ’”lej
m, g [/, +1,]
)
(d/da)t, +1) U] (19)

Eb (R(P)’ P)= _(/laB )2

where I, and I, represent integrals that needed to be calculated numerically and their explicit
forms are given below in dimensionless variables.

I, =R’ (P)ljt J3 (ry tR)K , (2AR(P)t )dt (20)
I, = RZ(P)MTH{OZ (b, (R)K ,(2AR(P)¢ )dt 21

K (b R(P))

Equation (19) can be numerically solved for a specific 4 value that minimizes it for any
given R(P) values.
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Results and Discussion

We have calculated the shallow impurity binding energy E,(P) as a functions of the
hydrostatic pressure for shallow impurity placed in the center of CQWWs. Parameters, such
as potential height V(P), wire radius R(P) and In content x used in calculations are taken
from Ref. [23].

In Fig.1-a, b and c¢ the shallow impurity binding energy E,(P) is investigated as a
function of wire radius for different external hydrostatic pressures P=0, 10 and 20 GPa,
respectively. In our calculations x is taken as 0.2, 0.3 and 0.4. In fig. 1-a, it is seen that the
shallow impurity binding energy maximizes at the following radii: 10.82, 7.84 and 7.03 A for
x=0.2, 0.3 and 0.4, respectively. In fig. 1-b, the shallow impurity binding energy maximizes at
the following radii: 9.44, 7.34 and 6.92 A for x=0.2, 0.3 and 0.4, respectively and similarly, in
fig. 1-c shallow impurity binding energy maximizes at the following radii: 8.96, 7.31 and 6.72
A for x=0.2, 0.3 and 0.4, respectively. The maximum value of the shallow impurity binding
energies slightly move to the narrow wire widths as the pressure and /n concentration
increases because the effective Bohr radius of the impurity state decreases with pressure and
In concentration.
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Fig. 1. Ground-state shallow impurity binding energy as a function of the wire radius of
7B In,Ga;..N/GaN (x=0.2, 0.3 and 0.4) quantum wire for external pressure a) P=0 GPa, b) P=10
GPa ¢) P=20 GPa for on-center impurity.

In Fig.1, it is also seen that for large wire radii the particle sees no spatial confinement
effects so the binding energies converge to bulk /n,Ga;.N ground state binding energy values.
As wire radius gets smaller, the binding energy increases since the spatial confinement gets
stronger. That is, the distance between the electron and the impurity is decreased when the
wire radius R(P) is decreased, which makes the binding stronger. Further decreasing the wire
radius maximizes the binding energy to the quantum confinement limits then it drops rather
sharply to the characteristic bulk value of the barrier material GaN in all cases. This is due to
the fact that as the spatial confinement forces to localize particle in a smaller space then the
quantum confinement effects kicks in, that is, particles cannot be localized further due to
uncertainty principle and they start leaking out to the barrier reducing the binding energy

sharply.

Furthermore, we have seen that effect of the binding energy of the In concentration are
very influential than the hydrostatic pressure. This influence has been showed in Table.1

Table 1: To illustrate the binding energy dependency to hydrostatic pressure and /n concentration, we have
tabulated the binding energy maxima positions.

X

P(GPa) 0.2 0.3 0.4
0 97.96 110.47 119.00
10 99.79 112.11 120.85
20 101.54 113.72 121.99

In Tablel, it shows that the binding energy depends on both hydrostatic pressure and In
concentration. If the hydrostatic pressure is increased from 0 GPa to 20 GPa, the impurity
binding energy change from 97.96 meV to 101.54 meV for x=0.2. This increase is about
%?3.65. On the other hand, we increase In concentration from 0.2 to 0.4 for P=0 GPa, binding
energy increase from 97.96 meV to 119.00 meV. This increase is about %21.47. If we
compare with variation of the case for Ga4s based material, effect of the hydrostatic pressure
of structure in this study is around % 3.65 for x=0.2. However, this effect is around 42% in
GaAs/ Ga;xAl,As CQWWs for the same wire width [24].

In Fig. 2, barrier height is calculated as a function of the hydrostatic pressure in the ZB
Ing>GaysN/GaN CQWWs for different In concentration x=0.2, 0.3 and 0.4.
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Fig. 2. The height of barrier as a function of the pressure of ZB Iny,GaysN/GaN quantum wire for x=0.2, 0.3 and
04.

In Figure 2, it is shown that height of barrier increases as the hydrostatic pressure P increases.
This is because the band gap of ZB /n.Ga;..N material is decreased when the hydrostatic
pressure P increased, which relatively raises the height of the barrier and enhances the
confinement of impurity states resulting a higher binding energy. However, this increase in
binding energy is not uniform everywhere. It is stronger for mid range wire radius values and
almost diminishes for larger or very small wire radii. This is due to the fact that for very large
wire radii the particle is far away from the barriers; therefore, it does not sense how high the
barrier is. In the other extreme, the wire radius is so small that the particle cannot reside in the
well, so it leaks out totally to the barrier.

In Figure 3, the ground-state impurity binding energy is calculated as a function of the
hydrostatic pressure using the different wire radius as a parameter for an on-center impurity
at x=0.4.
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Fig. 3: The ground-state donor binding energy of an on-center impurity as a function of external pressure for
different values of the wire radius in ZB Ing ,Gay sN/GaN quantum wires structure.

It is shown that the ground-state binding energy increases except for in the large wire radii as
hydrostatic pressure P increases. It is seen that the ground state binding energy increases with
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the pressure since the quantum well radius decreases with increasing pressure, so the distance
between charged particles decreases when the binding energy increases.

Conclusion

We have calculated the ground state binding energy of hydrogenic impurity in ZB In.Ga;.
«N/GaN CQWWs under hydrostatic pressure using variational procedures within the effective
mass approximation. In calculations, the pressure dependency of the effective mass, well
radius and potential height are taken into account. The results show that the donor binding
energy increases with the increasing pressure and /n concentration x. However, this increase
in binding energy is not uniform everywhere. Furthermore, we have seen that effect of the
binding energy of the /n concentration are more influential than the hydrostatic pressure.
Also, the binding energies close to binding energy maxima are dependent both to In
concentration and hydrostatic pressure. As a result, it can be said that the effect of In
concentration x is only noticeable for radii nearby binding energy maxima. Finally, even
though the pressure dependency seems much weaker than Gads/Ga;..Al.As based CQWWs,
we still have enough room to tune the binding energy values via external hydrostatic pressure.

Acknowledgements

The authors acknowledge the support of the grants CUBAP F-238 and TUBITAK TBAG
108T015.

References

1. S.C. Davies, D.J. Mowbray, Q. Wang, F. Ranalli, T. Wang, Appl. Phys. Lett. 95 (2009)
101909.

2. Y.K.Kuo, J.Y. Chang, M.C. Tsai, S.H. Yen, Appl. Phys. Lett. 95 (2009) 011116.

3. Y.J. Ohashi, K.J. Katayama, Q. Shen, T. Toyoda, J. Appl. Phys. 106 (2009) 063515.

4. S.F. Chichibu, M. Sugiyama, T. Onuma, T. Kitamura, H. Nakanishi, T. Kuroda, A.
Tackeuchi, T. Sota, Y. Ishida, H. Okumura, Localized exciton dynamics in strained cubic
In0.1Ga0.9N/GaN multiple quantum wells, Appl. Phys. Lett. 79 (2001) 4319-4321.

5. S.F. Chichibu, T. Onuma, T. Sota, S.P. Denbaars, S. Nakamura, T. Kitamura, Y. Ishida,
H. Okumura, Influence of InN mole fraction on the recombination processes of localized
excitons in strained cubic InxGal—xN/GaN multiple quantum wells , J. Appl. Phys. 93
(2003) 2051-2054.

6. C.X. Xia, S.Y. Wei, Quantum size effect on excitons in zinc-blende GaN/AIN quantum
dot, Microelectron J. 37 1408 (2006).

7. J. Simon, N. T. Pelekonos, C., Adelmann, E.M., Guerreno, B. Daudin, L.S. Dong, H.,
Mariatte, Direct comparison of recombination dynamics in cubic and hexagonal GaN/AIN
quantum dots, Phys. Rev. B 68 (2003) 035312-035318

8. C. Adelmann, E. Martinez Guerrero, F. Chabuel, J. Simon, B. Bataillou, G. Mula, Le Si
Dang, N.T. Pelekanos, B. Daudin, G. Feuillet, H. Mariette, Growth and characterisation of
self-assembled cubic GaN quantum dots, Mater. Sci. Eng., B 82 (1998) 212.

9. A.M. Elabsy, Journal of Physics: Condensed Matter 6 (1994) 10025.

179



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Fen Bilimleri Dergisi, 23(4) (2011) 171-180.

J.D. Correa, O. Ceopeda-Giraldo, N. Porras- Montenegro, C.A. Duque, Hydrostatic
pressure effects on the donor impurity-related photoionization cross-section in cylindrical-
shaped GaAs/GaAlAs quantum well wires, Phys. Status Solidi B 241 (2004) 3311-3317.
F. Jiang, C. Xia, S. Wei, Hydrogenic impurity states in zinc-blende InGaN quantum dot,
Physica B 403 (2008) 165-169.

N. E. Christensen, I. Gorczyca, Optical and structural properties of III-V nitrides under
pressure, Phy. Rev. B 50 (1994) 4397-4415

M. D. McCluskey, C. G. Van de Walle, L. T. Romano, B. S. Krusor, and N. M. Johnson,
Effect of composition on the band gap of strained /n,Ga;- (N alloys,

J. Appl. Phys. 93 (2003) 4340 -4342

J. Wu, W. Walukiewicz, K. M. Yu, J. W. Ager III, E. E. Haller, H. Lu, and W. J. Schaff,
Small band gap bowing in /n;-yGaxN alloys, Appl. Phys. Lett. 80 (2002) 4741-4743.

M. D. McCluskey, C. G. Van deWalle, C. P. Master, L. T. Romano, and N. M. Johnson,
Large band-gap bowing of In.Ga, N alloys, Appl. Phys. Lett. 72 (1998) 2725-2730.

Z. Dridi, B. Bouhafs, and P. Ruterana, Strong dependence of the fundamental band gap on
the alloy composition in cubic /nyGa; <N and InyAl; xN alloys, Semicond. Sci. Technol. 18
(2003) 850.

Poul Georg Moses and Chris G. Van de Walle, Band bowing and band alignment in
InGaN alloys, Appl. Phys. Lett. 96 (2010) 021908-021910 .

S. Schulz and P. O. Reilly, Excitonic binding energies in non-polar GaN quantum wells,
Phys. Status Solidi C 7, (2010) 1900 .

P.Y. Yu, M. Cardona, Fundamentals of Semiconductors, Springer, Berlin, 1998

H. Morkog¢, Handbook of Nitride Semiconductors and Devices, Wiley-VCH, Berlin, 2008.
D.S. Chuu, C.S. Wang, Electronic energy spectrum in a barrier-like multilayer quantum
wire with a magnetic field parallel to the wire axis, Physica B 202 (1994) 118-126.

J.W. Brown, H.N. Spector, Hydrogen impurities in quantum well wires, J. Appl. Phys. 59
(1986) 1179-1186.

P. Baser, S. Elagoz, D. Kartal, H.D. Karki, Hydrogenic impurity states in zinc-blende
InxGal—xN/GaN in cylindrical quantum well wires, Superlatt and Microst. 49 (2011)
497-503.

P. Baser, S. Elagoz, D. Kartal, The effects of pressure and barrier height on donor binding
energy in GaAs/Ga;xAlxAs cylindrical quantum well wires, Physica B 405 (2010)3239-
3242.

180



