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Nitride cylindrical quantum dots (NCQDs) are commonly used materials in optical chemical
sensors and biosensors. We investigated the exciton-related optical properties of wurtzite
ZnSnN,/In,Ga;_ N cylindrical quantum dots (CQDs) with finite potential barriers. The energy
states in a CQD system were computed by a variational scheme using the single-band effective
mass approximation, which considers the effect of the built-in electric field (BEF). The results
are presented in the form of a specific function of CQD structural parameters including height,
radius, and In concentration in the barrier. Our major findings are as follows. First, the excitonic
transition energy decreases with increasing CQD size and increases with increasing In
concentration. Second, the oscillator strength rapidly decreases with increasing CQD height and
slowly increases with increasing CQD radius. Furthermore, we obtained the absorption
coefficient (AC) of the exciton as a function of the incident photon energy for different CQD
structural parameters. We concluded that, in general, increasing any of the aforementioned
structural parameters causes either a blueshift or redshift of the AC peak. A similar phenomenon
occurs for the resonant peak intensity. In particular, a strong BEF leads to a redshift of the
resonant peak and a decrease in its intensity.

1. Introduction

Nitride cylindrical quantum dots (NCQDs) are commonly used materials in optical chemical
sensors and biosensors. Maier et al.() reported an optical chemical sensor that adopts nitride
nanowire heterostructures grown by plasma-assisted molecular beam epitaxy on Si (111)
substrates. Notzel® reported an enzymatic biosensor for the detection of glucose and cholesterol
for medical diagnostics that uses quantum dots (QDs) grown by plasma-assisted molecular beam
epitaxy on a Si (111) substrate. Such nanomaterial-based semiconductor QD biosensors use
optical readout schemes based on the luminescence properties of the QDs. He also found that,
compared with optical and other sensing techniques, the nitride QD enzymatic electrochemical
biosensors have excellent linearity, sensitivity, response time, stability, repeatability,
reproducibility, and selectivity. Further, among the various materials frequently used for
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NCQDs, wurtzite (WZ) ZnSnN,/In,Ga;_ N cylindrical quantum dots (CQDs) with finite
potential barriers are especially important as sensor materials because of their superior optical
characteristics.

Research on the structural properties of Zn-IV-N, compounds (IV = Si, Ge, Sn) has been
drawing much attention.®~?) The crystal structure of a Zn-IV-N, compound is derived from the
WZ Ill-nitride, where the group III ions are replaced by alternating Zn and group 1V ions. By
adding Si and Ge, the direct band gaps of Zn-(Si,Ge,Sn)-N, alloys may cover the entire visible
light spectrum.®? This feature gives Zn-(Si,Ge,Sn)-N, alloys promising performance for full-
spectrum LED applications.(1%-1¥ In addition, II-IV-N, compounds, which are closely related to
the WZ-structured III-N semiconductors, have similar electronic and optical properties to
InGaN, such as direct band gaps and large optical absorption coefficients.>!3) Moreover, Zn and
the IV group elements of Si and Sn are earth abundant and environment friendly.(!) Among the
II-IV-N, materials, ZnSnN, is considered one of the most promising absorber materials in
photovoltaic solar cell applications due to its excellent characteristics of an ideal solar-matched
band gap, robust optical absorption, and low cost.0!72D) However, ZnSnN, is one of the least
studied Zn-I'V-N, compounds.

Computational research on the properties of ZnSnN, did not begin until 2008,®) and the first
synthesis of ZnSnN, was not reported until 2013.05) Although extensive studies on this material
are now under way, its basic electronic and optical properties have not yet been fully elucidated.
Because the lattice constant of ZnSnN, is between those of GaN and InN, it can be lattice-
matched to that of InGaN. Wang et al.(!?) reported that the conduction band minimum of ZnSnN,
is 1.44 eV lower than that of GaN and that the valence band maximum of ZnSnN, is 0.39 eV
higher than that of GaN.?? Therefore, a ZnSnN, layer may serve as a well layer in the
heterostructure system of ZnSnN,/In Ga;_ N, in which x may reach up to 0.5. Several possible
applications of ZnSnN,/In,Ga;_ N quantum wells (QWs) in optoelectronics and electronics have
been investigated, such as the use of InGaN-ZnSnN, QWs for high-efficiency amber LEDs,(1?) an
LED tunable in the IR range that is based on InGaN-ZnSnN,/GaN QWs,13) and QW-based near-
IR LEDs.!® Moreover, in a WZ In,Ga,_N/ZnSnN,/In,Ga,_ N QW structure with the ¢ axis
parallel to the growth direction, a piezoelectric (PE) field may occur in the ZnSnN, due to its
lattice mismatch with In,Ga;_ N, and a sizeable local surface plasmon (SP) resonance across the
ZnSnN, layer also appears. The total built-in electric field (BEF) is estimated to have an order of
magnitude of MV/cm and to decrease as the In concentration x increases.?® Hence, the optical
properties of [0001]-oriented WZ ZnSnN,/In, Ga,_ N strained QWs are strongly affected by the
BEF.

Although the optical properties of III-V nitride QDs have been fully studied, WZ ZnSnN,/
In,Ga; N QDs have not yet been fully analyzed. Thus, as reported in this paper, we have
theoretically studied the excitonic transition energy, the oscillator strength, and the effect of the
BEF in a WZ ZnSnN,/In,Ga;_ N CQD with geometrical confinement. In numerical calculations,
we use a variational scheme with a single-band effective mass approximation. We also fully
investigated the absorption coefficient (AC) of the exciton as a function of the incident photon
energy (IPE) for different CQD structural parameters (height, radius, and In concentration in the
barrier).
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2. Theoretical Foundation

In accordance with previous theoretical studies on WZ semiconductor QDs,24720) we now
consider a ZnSnN, CQD with height L along the ¢ axis and radius R embedded in an In,Ga;_ N
barrier material (Fig. 1). On the basis of the single-band effective mass approximation,¥ the
Hamiltonian of an exciton confined in a ZnSnN,/In Ga;_ N CQD is given by

2

A e
Hex = He +Hh + Eg,ZnSnN2 - (1)
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where H ;(j=eorh) can be written as
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All symbols in the above equations are described in Refs. 25 and 26. F is the BEF and can be
calculated as(?3-20)
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Fig. 1. Diagram of the ZnSnN, CQD structure with radius R and height L surrounded by In,Ga;_ N in both the
radial and z directions.
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where Ppp(Pgp) is the PE (spontaneous) polarization and geZnSnNz is the electronic dielectric
constant of ZnSnN,.

In Egs. (2) and (3), /(p) and V(z)) are, respectively, the in-plane and z-direction confinement
potentials of the electron (hole) in the WZ ZnSnN,/In Ga;_ N CQD structure. These parameters
can be calculated via

0, p; <R

Vip;)= ®)
OilEqg 1n Ga, N ~Egznsn, I P >R

and

V(Zj) = L ’ ©
Qj [Eg,InxGal_XN - Eg,Znanz 1 ‘ZJ" > 5

where Q; is the band offset ratio, taken as 79.5:20.5 for both the conduction band and the valence
band.??

The eigenfunction of the Hamiltonians A ; can be written in the form(@4-26)
l//j(pja¢j’zj):f(pj)h(zj)elm¢j, m=0, +1, £2,.... ™)
The time-independent Schrédinger equation for this exciton system is given by

[:Iexq)ex(lé’Fh):Eexq)ex(?e’Fh)’ (8)

where E, is the eigenenergy and @, (1763,;711) is the eigenfunction. To find the eigenenergy, in
the variation we choose the trial wave function®4-29)

Dy (7o ) = Ve (Perthor 26 W (Phothy 2y )& P P50 9

The ground-state energy E., is defined as

(0 )| @y o)
E., =min — — . (10)
a.p <q)ex(re’rh)|q)ex(re’rh)>

The binding energy £, and interband transition energy £,y can be calculated as?423)
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Eb = Ee + Eh + Eg,ZnSnN2 - Eex Q8))
and
Eph = Ee + Eh + Eg,ZnSnN2 - Eb ) (12)

where E, + Ej, is the summation of the free electron and hole confinement energies in the same
CQD.
The oscillator strength f;, for the exciton ground state can be computed as?7-2%)

2
2P | @ )5~

for = — — (13)
) mOEex <q)ex(re’rh)q)ex(re’rh)>
In the calculation, we set P%/my= 1 eV.?®
The AC is given by(2®)
p? [, G io i)
a(hw) = 5 —— — X 8(Epy, —ho) (14)
3ncegmyV <<Dex (7 1) | Pex (7o 7y )>
and
S(E. —hw)= r
oh r(Eyy —ho)? +T2]° {15)

where V and 7w represent the sample volume and the IPE, respectively. I" is the line width of the
exciton, and in our calculation, we set I’ = 5 meV.(?9)

3. Results and Discussion

Through calculations using the above equations, we obtain the excitonic transition energy
and the oscillator strength as functions of the QD structural parameters in the strained WZ
ZnSnN,/Inj ,GaygN CQD. In addition, the AC is investigated for different QD structural
parameters. The material parameters are given in Table 1. All the material parameters of
In,Ga,_,N, are computed through linear interpolation, except for E,. The bowing parameter of
the band gap for In,Ga, N is set as 3.2 V.2
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Table 1
Material parameters of ZnSnN2, GaN, and InN. Data obtained from Refs. 9, 14, and 23 (ZnSnN,) and Refs. 30 and
31 (GaN and InN).

Parameter Symbol ZnSnN, GaN InN
Band energy (eV) E, 1.8 3.507 1.994
Lattice constant (nm) o 0.338 0.3189 0.3545
2 €31 —0.59 — _
PE constant (C/m~) ex 1.09 o o
100 — —
Elastic constant (GPa) g;z 306 o o
Static dielectric constant e 15.088 — —
. . me 0.12 0.2 0.12
Electronic effective mass (mg) -t 016 02 012
Il
. mp 2.04 1.10 1.61
Effective mass of hole (mg) i 202 165 L67
Electronic dielectric constant Ee 57
Spontaneous polarization (C/m?) Psp —-0.029 —-0.029 —0.032

3.1 Variation of excitonic transition energy

Figure 2 shows the calculated variation of £, as a function of the CQD size in the ZnSnN,/
Ing,GaggN CQD. E;, decreases as L or R increases and drops below the bulk WZ ZnSnN,
energy gap when L is higher than 3.5 nm for all radii of the CQD. This is because the confined
energies of the electron and hole decrease with increasing CQD size. In addition, L has a more
pronounced influence than R on £, because the BEF in the ZnSnN, layer is along the growth
direction of the heterostructure, and it may affect £, via the quantum-confined Stark effect.
The variation predicted using our proposed formula, which adopts the optical transition energy
as a function of the CQD size, closely matches those of the InGaN/GaN CQD reported by Shi
and Gan®® and the GaN/AlGaN QD reported by Minimala et al.?7)

We now investigate the variation of the excitonic transition energy £, as a function of the In
concentration x of WZ ZnSnN,/In Ga,;_ N CQDs with L =3 nm and R = 6 nm. Figure 3 shows
that £y, is significantly influenced by the BEF, also increasing with increasing x. In contrast,
without the BEF, E, decreases with increasing In concentration x. The reason for this
phenomenon is as follows. When the BEF originating from SP and PE polarizations in the
Hamiltonian is included, the In concentration in the barrier affects £, by both decreasing the
confined potential of the electron and hole and decreasing the BEF. Increasing the In
concentration x results in (i) a decrease in the electron and hole confined energies because a
decrease in the potential barrier height leads to a redshift of £, and (ii) a decrease in the BEF
because of the occurrence of a blueshifted energy spectrum. The latter result dominates in the
case of ZnSnN,/In,Ga; N CQDs with L =3 nm; thus, £, exhibits a redshift with decreasing x.
However, when the BEF is ignored, only the first result occurs with increasing x; therefore, £y,
decreases with increasing x. Moreover, Fig. 3 also clearly indicates that a strong BEF gives rise
to a large decrease in £y, especially for QDs with low x.
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Fig. 2. (Color online) Variation of £, as a function Fig. 3. (Color online) Variation of £, as a function
of dot size in ZnSnN,/In; ,Gag gN CQD. of In concentration x in ZnSnN,/In Ga;_ N CQDs

with L=3 and R = 6 nm.

3.2 Oscillator strength

Figure 4 shows the obtained variation of the oscillator strength f., for the ground exciton state
with the dot size in the ZnSnN,/Ing,GaygN CQD. f;, decreases rapidly with increasing CQD
height L, approaching zero when L is near to 5.5 nm. The reason for this is as follows. £, is
inversely proportional to £, and directly proportional to the square of the overlap integral
between the electron and hole wave functions [see Eq. (13)]. As L increases, the electron—hole
spatial separation in the z direction becomes large, which leads to an apparent reduction in the
overlap integral between the electron and hole wave functions, and £, simultaneously decreases.
However, the overlap integral between the electron and hole wave functions decreases by a
larger margin than E_,. Therefore, f,, decreases rapidly with increasing L. Moreover, Fig. 4
illustrates that f;, increases slowly with increasing R. The main reason for this is that the overlap
integral increases as R increases, directly leading to an increase in the oscillator strength f£,.
Figure 4 further shows that the influence of L on f, is more visible than that of R because the
BEF in the ZnSnN, layer is along the growth direction of the heterostructure. The predicted
variation using our proposed formula, which adopts f;, as a function of the QD size, is similar to
that of the ZnO/MgZnO QD reported by Zheng et al.(*%)

3.3 Variation of AC a

We next obtain the variation of the AC o as a function of the IPE 7w with and without the
BEF in the ZnSnN,/In, ,Ga, gN QDs with R = 6 nm and different dot heights, as shown in Fig. 5.
It is observed that the position of the peak of the AC a gradually shifts to the region where a
lower photon energy occurs as L increases. Eventually, the AC peak value is obtained at the
specific IPE that iw = Ep, [see Egs. (14) and (15)]. The reason for this is as follows. As L
increases, the excitonic transition energy decreases. As a result, the AC o peak exhibits a redshift
with increasing L. Further, the AC peak intensity decreases as L increases. This is because the
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Fig. 4. (Color online) Variation of f;, as a function of dot size in WZ ZnSnN,/In, ,Ga, gN CQD.
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Fig. 5. (Color online) Variation of AC a with the IPE /i® in ZnSnN,/Inj ,Ga, gN CQDs with R = 6 nm and different
dot heights: (a) with the BEF effect and (b) without the BEF effect.

AC « is directly proportional to the square of the overlap integral between the electron and hole
wave functions and inversely proportional to the sample volume [see Eq. (14)]. On the one hand,
the sample volume increases with increasing L. On the other hand, as L increases, the quantum
confinement attenuates, resulting in a decrease in the overlap of the electron and hole. Therefore,
the AC peak intensity decreases with increasing CQD height L. Furthermore, comparing
Figs. 5(a) and 5(b), we find that the magnitude of the AC o decreases and its peak is obtained at a
lower IPE when the BEF in the Hamiltonian is included for a given CQD height L. For example,
for L = 2 nm, when considering the BEF effect, the peak value of the AC a is 2.570 x 10% cm™!
and appears at an [PE of 1947.4 meV, whereas ignoring the BEF effect, the peak value of the AC
o is about 4.163 x 10* cm™! and appears at i = 1994.0 meV. The difference in the peak AC
values between the cases with and without the BEF effect is about 1.593 x 10* cm™!, and
the position of the AC peak for these two cases has a redshift difference of 46.6 meV. For L =4
nm, the peak value of the AC a is 1.624 x 10> cm™! (2.286 x 10* cm™) and appears at iv =
1662.2 (1873.2) meV with (without) the BEF effect. The difference in the peak AC intensity
values between the cases with and without the BEF effect is about 2.124 x 10* cm™, and the
position of the AC peak for these two cases has a redshift difference of 211.0 meV. These results
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further illustrate the phenomenon that the influence of the BEF becomes significant with
increasing QD height L. This is because the spatial separation of electrons and holes induced by
the huge on-axis BEF in the WZ ZnSnN,/In(,Ga,gN heterostructure reduces their overlap.
Thus, stronger BEFs reduce the intensity of the absorption peak. Moreover, it is known that the
existence of BEFs always reduces the excitonic transition energy. Therefore, strong BEFs cause a
redshift of the AC peak. The predicted variation using our proposed formula, which adopts the
AC as a function of the CQD height, is similar to that of the ZnO/MgZnO CQD reported by
Zheng et al. 29

Considering the BEF effect, we now calculate the AC a as a function of the IPE /i in
ZnSnN,/In, ,Ga( gN CQDs with a height L of 3 nm and different radii R. The calculation result is
shown in Fig. 6. As R increases, the AC peak moves towards a lower IPE accompanied by an
apparent decrease in its intensity. For example, the AC peak intensity decreases from about
2.834 x 10* cm™ for R = 3 nm to 1.078x10* cm™! for R = 5 nm, and the AC peak undergoes a
redshift from 1852.8 meV for R = 3 nm to 1802.8 meV for R = 5 nm. In addition, comparing
Fig. 5(a) with Fig. 6 indicates that L exhibits a stronger influence than R on the AC a. Thus, our
investigation of the exciton-related optical properties reveals that both the BEF and the QD
height L play crucial roles.

Using Egs. (14) and (15), we calculate the AC a as a function of the IPE %®w with and without
the BEF effect in ZnSnN,/In,Ga;_ N CQDs with L =3 nm and R = 6 nm for In concentrations of
x=0.1, 0.2, and 0.3, and the obtained result is shown in Fig. 7. When the BEF is included in the
Hamiltonian, the AC peak gradually moves to the region where a high photon energy occurs,
and the AC peak intensity increases with increasing In concentration. However, when the BEF is
ignored, the AC peak shifts towards the region of low photon energy with increasing In
concentration, whereas the intensity of the AC peak is insensitive to the In concentration in the
barrier. The reason for this is as follows. The AC peak value is obtained where the IPE /i = E ..
From Fig. 3, we observe that the excitonic transition energy E, increases (decreases) with
increasing In concentration x when the BEF effect is included (ignored). As a result, the AC peak
with (without) the BEF effect undergoes a blueshift (redshift) with increasing In concentration.

3
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0 PP o T A
1760 1800 1840 1880
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Fig. 6. (Color online) Variation of AC a with the IPE /i@ in ZnSnN,/In, ,Gay gN CQDs with L = 3 nm and different
dot radii R.
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Fig. 7. (Color online) Variation of AC a with the IPE 7w in ZnSnN,/In, ,Ga, gN CQDs with L =3 and R = 6 nm for

In concentrations of x = 0.1, 0.2, and 0.3: (a) with the BEF effect and (b) without the BEF effect.

Furthermore, the intensity of the BEF in the strained ZnSnN, layer is weakened with increasing
x, which enhances the overlap integral between the electron and hole wave functions. Hence, the
absorption peak intensity is enhanced with increasing In concentration.

4. Conclusion

Determining the key factors affecting the optical properties of WZ ZnSnN,/In,Ga;_,N CQDs
with finite potential barriers is important for enhancing the sensing performance of biosensors
or optical chemical sensors employing this material. In this study, considering the inclusion of a
strong BEF due to SP and PE polarizations, we theoretically studied some of the optical
properties of the exciton confined in WZ ZnSnN,/In Ga,_ N CQDs with finite potential barriers
at all surfaces using a single-band effective mass approximation with the variational method. We
calculated the transition energy as functions of the CQD structural parameters, including the
CQD height L and radius R, and the In concentration x in the barrier layer. We also investigated
the relationship between the oscillator strength and the CQD size. In addition, the calculated
exciton states were used to evaluate the related AC as functions of the IPE for different CQD
structure parameters. The main findings are as follows. The transition energy increases with
decreasing CQD size and decreases with decreasing In concentration. The oscillator strength
rapidly decreases with increasing CQD height and slowly increases with increasing CQD radius.
Furthermore, the AC resonant peak undergoes a redshift (blueshift) as the CQD size or In
concentration is increased with a decrease (an increase) in the resonant peak intensity. Moreover,
we computed the AC of the exciton as a function of the IPE for different CQD structure
parameters in cases with and without the BEF effect. We found that a strong BEF causes a
redshift of the AC peak and dramatically decreases the resonant peak intensity. Therefore, to
obtain a large AC, the adverse effects of the BEF should be minimized and the dot size should be
modified. Although experimental results for exciton states and interband transitions in the WZ
ZnSnN,/In Ga,;_ N QD are still lacking, our obtained theoretical results will be useful for related
physics experiments and for the design of some LEDs covering the visible light spectrum and
photovoltaic solar cells based on WZ ZnSnN,/In,Ga;_ N QD structures.
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