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Abstract. We develop the model of micropillar photodetectors operated in the infrared
domain. The model is based on an algorithm, which uses analytical methods and numerical
simulation of Schrddinger equation, aimed at the calculation of the energy levels and wave
functions of a semiconductor micropillar. We define the heterostructure as a combination of
different semiconductor materials grown one on top of the other via epitaxial methods. The
photon-detecting scheme is based on the fact that electrons in potential wells have different
energies, and the transition between them (including tunneling) is induced by the absorption
of a quantum of energy. The most probable optical transitions are verified; two particular
transitions corresponding to the infrared range are demonstrated and relevant photo-current
dependencies are discussed.
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1. Introduction

Nowadays quantum devices operating at single photon level represent a primary interest in
photonic quantum technologies [1]. In particular, it is worth mentioning current achievements
in quantum cryptography and communication where single photon source, operations,
transmission, and efficient detection play a significant role [2,3]. Current quantum
information technologies use quantum dots (QDs) to encode and manipulate information
embodied in single photons [4]. Micropillars which contain semiconductor quantum dots
sandwiched by high-quality DFB-mirrors represent a natural environment for quantum
devices operating at low intensity (up to single photon level) design [5-10]. In particular,
micropillars with a low number of QDs as a gain medium are profusely used for lasing [11-
13], superradiance [14], single-photon emission, which demonstrates high antibunching of
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photons [15]. In low dimensions epitaxially grown high-quality planar microcavities provide
strong interaction between photonic field and QDs.

On the other hand, one of the promising and well-established technologies of single-
photon measurement is based on single-photon avalanche diodes [16].

In this paper, we focus on modeling the physical properties of micropillar systems,
which may be capable of single photon measurement in the infrared domain, cf. [17,18]. Our
model is based on the Schrédinger equation numerical simulation of semiconductor
micropillar microstructure possessing some specific cylindrical geometry containing QDs
[19,20]. For calculating the energy levels of complex semiconductor heterostructures we use
methods proposed in [21] and widely explored in photodetectors modeling. Semiconductor
heterostructure is defined as a combination of different semiconductor materials grown via
epitaxial methods. For the calculation, we examine the heterostructure with InAs QDs. The
most probable optical transitions are calculated; two particular transitions corresponding to
the infrared range are demonstrated. The photon-detecting scheme is based on the fact that
electrons in potential wells have different energies, and the transition between them
(including tunneling) is induced by the absorption of a quantum of energy. We discuss the
resulting photo-current dependency.

2. Two-well model

We consider a micropillar model demonstrated in Fig. 1, cf. [18]. The diameter of the
micropillar is D = 256 nm; it is a combination of cylinder-shaped InAs quantum dots with
height L, = 7 nm and diameter of 43 nm, and an InGaAs quantum well of width L; = 10 nm,
separated by a thin barrier of Alp16Gag31lngssAs of width d = 3 nm, see Fig. 1(a). This
heterostructure with the full-width L = 20 nm is grown over a 150 nm InP substrate. The
lower and upper contact layers of n-doped InGaAs are also grown, in order to collect the
photocurrent resulting from the photodetection processes.
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Fig. 1. (a) Micropillar geometry and heterostructure of a micropillar with quantum dots
(QDs); (b) The effective double-well energy profile of the conduction band. Quantum wells
possess the widths Ly = 10 nm and L, = 7 nm, they are separated by distance d = 3 nm; the
diameter of the micropillar is D = 256 nm [18]

We are interested in the quantum-mechanical calculation of the behavior of the
electrons in the conduction band, trapped by effective (double-well) potential V/(r), shown in
Fig. 1(b). The sample geometry provides the cylindrical symmetry of micropillar wave
functions W(r,t). Schrodinger equation for such a system is written as
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. a‘P(r,t) _ hz 2

ih =2 = [_RV + V(r)] W(r,t), (1)
and the wave functions obey the normalization condition

fﬂ|‘P(r, t)lzdr = NT' (2)

where Q is the volume of the cylinder of wave function localization, Nt is the number of
electrons causing an electric current in the conduction band. For the sake of convenience, we
use dimensionless units in (1). For that, we choose characteristic length ap = 1 nm and
characteristic frequency w, = hA/m.a3 =~ 1.16 x 10'* Hz [22]. Further, all the spatial
dimensions are represented in nanometers, and time is given in wgy?! units if not specified.
Particular energy values we will give in electron-volts; in equations, energies are written in
h o units, where hw, ~ 1.22 x 1072% J = 76.2 meV. Finally, we introduce in (1) the
replacement W'(r,t) = ag/z‘}’(r, t) (further we omit the drops for simplicity of notation) to
obtain the dimensionless version of Schrodinger equation:

D~ [-iv 4 v@)| w0, 3)

at
Equation (3) possesses stationary solutions W, ,(r,t) = @, ,(r)e E"?t for the left
and right sides of the barrier, respectively, cf. Fig. 1(b); ®;(r) describes the spatial
distribution of electrons in j-th well, and EY specifies their energy levels, respectively.
Substituting these solutions into (3), we obtain the dimensionless equation:
=372 V)] @1, = ECP0, (). )
First, consider two isolated quantum wells, when the barrier between them is infinitely
high, and the tunneling is negligible. In this case, we can take in (4) V(r) = 0, and write it as
_%VZCDLZ (r) = E1®,,(r), )
where E; is the mean energy of the electrons isolated in the j-th well with an infinitely high
barrier between the wells. Since the system possesses axial symmetry, we are looking for
factorizable solutions of (5) in cylindrical coordinates [23]:
&(1) = Ry (M 1 (9) Z,(2), (6)
where we omit indices 1 and 2 for simplicity of notation. In Eq. (6) R}, (7), ¢;(¢), and Z,,(2)
describe electron wave functions in cylindrical coordinates: r (radius-vector), ¢ (angle), and z

axis, respectively, see Fig. 1(a); n, [, and m are relevant quantum numbers. Substituting (6)
into (5) we obtain the set of equations:

i

2

LD 4 2py(p) = 0; (72)

2

T4D + (2E — a®)Zy(2) = 0; (7b)
02Rim(p) 9Rim(p)

PP SEE 4 pZEE A+ (0 = )Rin(p) = O, (70

where p = ar. At the boundaries ®(r = R, ¢,z) = 0, ®(r,p,z=0,L) = 0 (R and L are the
radius of the micropillar and the length of the well, respectively). Therefore, Egs. (7) admit
the following solutions:

$1(p) = =e''s; (8a)

Z,(2) = \Esin [?z]; (8b)

Rim(r) = R’l(f r)z : (8¢)
B mn) ar

where n=1,2,...; 1 =0,1,..., and m = 1,2, ... are the quantum numbers determining the
eigenfunctions (6); k;,, is the m-th zero of the [-th order first kind Bessel function (this
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number can be obtained numerically from the equation J;(k;,,) = 0), thus @ = a;,,, = k;;n/R.
Functions (6) are normalized as

J ¥, O12dr = 850611 8 9)
and the energy levels (in Aw, units) for the j-th well (j = 1,2) have the form:

1 (m? k2,
Ejmim =5 (52 +42). (10)

The L parameter characterizes the potential well width; R is the micropillar radius.

Now, taking into account electron tunneling we put V() # 0 in (4). Notice that in the
barrier region the modulus of the electron wave functions vanishes exponentially [24]. This
allows searching the solutions of (4) in a superposition form:
¥ t) =a;(O)P1(r+10/2) + ax ()P (r —1/2), (11)
where @, ,(r) are wave functions defined in (6) for each of the wells separately; ry is a
vector with components (0,0, d) (d is the distance between the centers of the wells, see Fig.
1(b)); a4, (t) are time-dependent functions, which define the electric current properties. The
solution (11) obey the conditions

fﬂ P D,dr =~ 0; (12)
and from (2) it follows that

2
Jol®12Gr O dr = 8,018, S (13a)
lay ()17 + laz ()17 = Ny(t) + No(t) = N, (13b)

where Ny is defined in (2). Thus, we can recognize N, (t), N,(t) as the numbers of particles
in the left and right wells, respectively. Substituting (11) with (12) and (13) into (4) we obtain

i% = EWa, — kay; (14a)
i% = E®@a, — ka,, (14b)
where

EW = [ [_%qu’l,z + V<D1,2] ®; pdr = B2 + [ V|@s o[ dr; (152)
k== Jo| -3 V201 + VO, | Ddr. = - [ VO, 1dr. (15b)

Notice that in (15b) in general k # 0 due to the finite V (r) function under the integral.
In (15) E?) characterize the energies of electrons in booth wells with the potential
correction; k characterizes the energy of the tunnel coupling (the rate of particle tunneling)
between the wells.
Due to the symmetry properties of the micropillar, potential varies only in the
z direction, V(r) = V(z); it has three reference points: V; = 240 meV = 3.15Aw, and
V, = =30 meV = —0.39hw, are the depths of two wells, and V, = 470 meV = 6.17hw, IS
the height of the potential barrier between them. I.e. the potential has a form (we take the left
border of the first well as the coordinate center):
Vi, for0 <z < Ly;
V(z) ={Vy forly <z<L,+d; 16)
VyforLi +d <z<Li+d+1L,
where L; = 10 nm and L, = 7 nm are the widths of the wells and d = 3 nm is the distance
between them, respectively, see Fig. 2. To calculate x, we choose an approximation of the
rectangular potential (16) using a polynomial:
V() =VO(2) + VD(2) + V(2), (17a)

where
- ()]

d+0.026 nm

VO (z) = %[sign(z — L) —sign(z — L, — d)]
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1 1 ) 2(z—0.055 nm—L;) 2007

v (2) = > [1 —sign(z —Ly)] [Vl + L roilnm 1) ; (17c)
@ _ 1 . L 2(z=0.025 nm-L,—d) _ .00

V@ (2) = 1[1 + sign(z — L, - )] [Vz + (oot 1), (17d)

sign(x) = |x|/x = +1. Notice, one can also apply an external electric field, E,;, in the
z direction (or equivalently apply the potential difference to the structure) to modify the
potential heightas V'(z) = V(z) — E,;z.

Now we can find the energy spectra (15a). Since we are only interested in the strong
transitions, we consider only transitions to lower energy levels withn = 1,2,...,6; 1 = 0,1,2;
m = 1,2. We also need to calculate k;,,, the m-th zeroes of the I-th order Bessel function,
from the condition J;(k;,,) = 0; the results are presented in Table 1.
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0.3 024385-
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Fig. 2. (a) Electron energy levels (given in physical units) in two wells; different colors
correspond to quantum numbers n = 1,2,...,6 in ascending order from bottom to top. The
arrows indicate the strongest transitions (see text) (b) Fine structure of the ground energy

level of the first well, the solid lines correspond to [ = 0; dotted — [ = 1; dashed-and-dotted
lines — | = 2. The black dotted curve denotes the potential V' (2)

Table 1. The values of k;,,,, the m-th zeroes of the I-th order first kind Bessel function

m = 1 kOl = 2.40 kll = 3.83 k21 = 5.14
m=2 koz = 552 k12 =7.01 kzz =8.42

Due to the rectangular shape of the potential (16), we imply V(z) =V, within the
corresponding limits and for E? we obtain (in dimensionless units)

Z
i 1
ED = Ejpym, + V; = (722 n? + 1 > + V. (18)
Figure 2(a) demonstrates the energy levels in accordance with (18) for two wells. As
seen from Fig. 2(b), the spectral lines are degenerate in respect of [, m.
To calculate the tunneling rate we substitute (6) and (8) into (15b) and integrate it as

K= —w V(z) sin [—Z] sin [— (z—L,—d)|dzx

\/Lle 0
Kim Kiom
CiC, [, (220 gy, (F222h) ar, (19)
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where L =L, +d+ L, = 20 nm is the full length of a micropillar. The delta function
6(l; — 1,) in (19) arises from (8a) and determines that the electron tunneling is allowed only
between the levels with the same quantum number [. The integration on z and r in (19) is
performed numerically with (17). For combinations of quantum numbers n =1,2,...,6;
[ =0,1,2; m = 1,2 the strongest transitions (with the largest values of k) are:

e (n,=2,L,m)->ny,=2l,m)forl; =1,=1=0,1,2;

m; =m, =m = 1,2 with k = 0.8474 eV and E® — E@ = 0.2545 eV;
e (n,=3,Im)-»n,=3,I,m)forl; =1,=1=0,1,2;
m; =m, =m = 1,2 withk = 0.4798 eV and EV — E® ~ 0.2352 eV.

{n,l,m,

)= 21,15 (nyl,m,) = (2,1,1) n,dm,

J.m ) =1(2,2,2); (n_,l,m )} = (2,2,2)

272" 2

19/ nm*

1
T
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(n,.l,,m, 212M;

m,) = (3,1,1); {n,Lm.) = (3,1,1) (Nl m,) = (3.2.2); (nyl,m,) = (32.2)

3

2 25 3 x10°nm™ 0 0.5 1 15 2 25 3 x109nm"
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Fig. 3. (a-d) projections of the probability density distribution |¥(r)|?/N; onto the
micropillar diametrical section for the strongest transitions. The values of the quantum
numbers are given in the plots

Figure 3 demonstrates the distributions of the wave function for strongest transitions
occurring at the moment of time when N, = N;, which we calculated as

2 2 2
P _ 1 (|q>1 (r+2)| +e: (r-2) ) (20)

Nr 2
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where Ny is the total number of electrons in the conduction band; in (20) we also take into
account (12). For clarity, Fig. 3 presents the projections of wave functions (20) onto the
diametrical section of the micropillar (see Fig. 3(e)) in z —r coordinates, expressed in
nanometers.

4. Discussion
The tunneling current represents one of the important characteristics, which determine
detector features. In particular, population difference between two wells determines the

tunneling current j(t) o %(N2 — N,), where N; = |aj|2. We substitute a; = /N;e’® into
(14) and then obtain (A = 1) [24]:

j(t) « ( Nl) —4k,/N;N, sin[0], (21a)
—G) E(l) - E(Z) + K\/—COS[@] (21b)

Where 0 = 0, — 04 is the collective phase difference of the electrons in two wells. Finally,
introducing population imbalance ¢ = (N; — N,)/N; we obtain:

@ « § = —2k/1— & sin[0)], -
1) _ p@) d
@ E E@ 4 2k J_<,COS[®] o

For example, let us examine the transition (n, = 2,I,m) » (n; = 2,[,m), k = 0.8474
eV, E®W —E® ~0.2545 eV for Eqgs. (22). Suppose, at the initial moment of time
N,/N; = N;/N;y = 0.5, (¢ = 0) and © = 0. Then, numerically solving the system of Egs.
(22), we obtain the dependence j(t) shown in Fig. 4.

4 —(n,=2,,m)+(n,=2,l,m) |
-----(n2=3‘l‘m] l{n1=3‘i.m)

0 1 2 3 4 5 6 T 8 9 10
t, fs
Fig. 4. Rabi-like oscillations of the tunneling current for the transition (n, = 2,l,m) -
(n, = 2,1, m) with k = 0.8474 eV and E®W — E®) = (0.2545 eV (the blue curve) and
transition (n, = 3,1, m) = (n; = 3,1, m) with k = 0.4798 eV and EV — E® ~ 0.2352 eV
(theredcurve);l = 0,1,2;,m = 1,2

As seen from Fig. 4, in the absence of the external electric field, the tunneling current
represents Rabi-like oscillations with a period of the order of femtoseconds [24]. Due to the
energy difference AE = EW —E®@ >0 the electron transition, and thus the Rabi
oscillations in Fig. 4, occurs under the absorption of a photon with energy Aw,, = AE. On
the other hand, as seen from Fig. 4 the mean value of the photocurrent equals zero. Applying
the external electric field (potential difference) to the micropillar in z direction we are able to
shift the mean value of photo-current Rabi oscillations away from zero value. Again, photon
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absorption remains necessary to obtain the photocurrent, which makes the considered
micropillar heterostructure a photodetector.
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