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The effects of point defects on the loss of either energies of ballistic electron beams or incident photons are
studied by using a many-body theory in a multi-quantum-well system. This theory includes the defect-
induced vertex correction to a bare polarization function of electrons within the ladder approximation, and
the intralayer and interlayer screening of defect-electron interactions is also taken into account in the
random-phase approximation. The numerical results of defect effects on both energy-loss and optical-
absorption spectra are presented and analyzed for various defect densities, numbers of quantum wells, and
wave vectors. The diffusion-reaction equation is employed for calculating distributions of point defects in a
layered structure. For completeness, the production rate for Frenkel-pair defects and their initial
concentration are obtained based on atomic-level molecular-dynamics simulations. By combining the
defect-effect, diffusion-reaction, and molecular-dynamics models with an available space-weather-forecast
model, it will be possible in the future to enable specific designing for electronic and optoelectronic quantum
devices that will be operated in space with radiation-hardening protection and, therefore, effectively extend
the lifetime of these satellite onboard electronic and optoelectronic devices. Specifically, this theory can lead
to a better characterization of quantum-well photodetectors not only for high quantum efficiency and low
dark current density but also for radiation tolerance or mitigating the effects of the radiation.
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I. INTRODUCTION

Point defects (vacancies and interstitials) are produced
by displacements of atoms from their thermal-equilibrium
lattice sites [1,2], where the lattice-atom displacements are
mainly caused by a proton-irradiation-induced primary
knock on atom (PKA) on a time scale shorter than
100 ps for building up point defects without thermal
reactions. These initial displacements are followed immedi-
ately by defect mutual recombinations or reactions with
sinks (clustering or dissolution of clusters for point-defect
stabilizations) [3,4] on a time scale shorter than 10 ns, then
possibly by thermally activated defect migrations [5] up to
a time scale much longer than 10 ns (steady-state distri-
butions). Such atom displacements depend not only on the
energy-dependent flux of protons but also on the differ-
ential energy transfer cross sections (probabilities) for
collision between atoms, interatomic Coulomb interactions
and even kinetic-energy loss to core-level electrons of an
atom (ionizations). The sample temperature at which the
irradiation is done also significantly affects the diffusion of
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defects, their stability as clusters, and the formation of
Frenkel pairs [6]. One of the effective calculation methods
for studying the nonthermal spatiotemporal distributions of
proton-irradiation-induced point defects is the molecular-
dynamics (MD) model [7]. However, the system size
increases quadratically with the initial kinetic energy of
protons, and the time scale can easily run up to several
hundred picoseconds. In this case, the defect reaction
process driven by thermal migration cannot be included
in the MD model due to its much longer time scale.
Practically, if the system time evolution goes above 100 ps,
either the kinetic lattice Monte Carlo [8] or the diffusion-
reaction equation [9,10] method should be used instead.
In the presence of defects, dangling bonds attached to
these point defects can capture Bloch electrons through
multiphonon emission to form localized charge centers. The
randomly distributed charge centers will further affect
electron responses to either an external ballistic electron
beam [11] or incident photons [12]. Physically, the defect
modifications to the electron response function can be
addressed by a vertex correction [12] to a bare electron

© 2018 American Physical Society
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polarization function in the ladder approximation (LLA)
[13]. In addition, both the intralayer and interlayer screening
corrections in a multi-quantum-well system can be included
by using the random-phase approximation (RPA)
[13,14]. The many-body theory presented here is crucial
for understanding the full mechanism for characterizing
defects [15] and defect effects [16], as well as for developing
effective mitigation in early design stages of electronic
devices. Equipped with this multi-time-scale microscopic
theory [17], the experimental characterization of postirra-
diated test devices [18] is able to provide useful information
on the device architecture’s susceptibility to space radiation
effects [19]. Furthermore, our physics model should also
allow for the accurate prediction of device-performance
degradation by using the space weather forecast [20,21] for a
particular orbit. With this paper, we expect to bridge the gap
between researchers studying radiation-induced damage in
materials [1,2,22,23] and others characterizing irradiation-
induced performance degradation in devices [24,25].

As for applications of the current theory, we would like to
emphasize that space-based infrared (IR) imaging is
expected to face the most stringent performance require-
ments on the quantum-well (QW) focal plane array (FPA)
[26,27] due to the high payload cost, complexity, and
remoteness the space environment imparts, as well as
incident photon-flux levels occurring in space environments
that are an order of magnitude or more lower than those
found in terrestrial ones. Space applications also set up the
unique requirement of radiation tolerance (or radiation
hardness) on two elements of the hybridized QW FPA,
i.e., the Si-CMOS readout integrated circuit and the photo-
detector array. FPAs developed for these purposes in a space
environment are meticulously characterized for their sensi-
tivity, uniformity, operability, and radiation hardness. IR
detector arrays operated in the space environment are sub-
jected to a variety of radiation sources while in orbit, e.g.,
electrons, protons, and some heavy ions confined by Earth’s
magnetic field (Van Allen radiation belts). This result
indicates that QW photodetectors for space-based surveil-
lance or space-situational awareness must be characterized in
advance and should acquire not only high performance (high
quantum efficiency and low dark current density) [28,29] but
also radiation tolerance or an ability to withstand the effects of
the radiation they would expect to encounter in a given orbit.
Detector technologies that operate in the harsh radiation
environment of space with better radiation tolerance would
lead to greater flexibility in orbit selection, technical appli-
cations, and system sustainability and, therefore, are of more
value to the space-based sensing community.

The rest of the paper is organized as follows. In Sec. II,
we present our theoretical model and numerical results to
highlight the defect effects on losses of electron energy and
photons in multi-quantum-well systems, where defect
potentials and vertex corrections, defect effects on partial
and total polarization functions, electron-energy-loss

functions and intrasubband and intersubband absorption
spectra have been demonstrated and analyzed. In Sec. III,
ultrafast dynamics related to defect production, as well as
the follow-up defect diffusion and reaction, are studied and
a steady-state one-dimensional distribution function of
point defects are calculated to provide a direct input for
modeling the defect effects discussed in Sec. II. Finally, a
summary and some remarks are presented in Sec. IV.

II. EFFECTS OF POINT DEFECTS

In this section, we first look into effects of point defects
on the electron polarization function in a single wide
quantum well. After generalizing the system to multiple
quantum wells, we further study the kinetic-energy loss of a
parallel (or perpendicular) electron beam. For comparison,
we also calculate the loss of incident photons with a field
polarization parallel (perpendicular) to the quantum-well
planes, corresponding to intrasubband [30] (intersubband
[31]) optical transitions of electrons.

A. Effects on electron polarization function

Since the wave functions of individual point defects are
spatially localized, we expect that the interaction between
electrons and charged point defects can only affect the
screening to the intralayer Coulomb interaction. Therefore,
we start with a study of defect effects in a single quantum
well. The exchange-interaction-induced vertex correction to a
bare polarization function of electrons in a quantum well has
been addressed before [12] within the ladder approximation.

For an n-doped quantum well, the total electron polarization
function [32] can be written as a sum of partial polarization
functions, i.e., y(q. @) = >, <y Xnn(q. @), Where g is an
electron wave number, @ is the angular frequency of an
electrical (or optical) perturbation, and n <n' = 1,2, ...
labels different energy subbands. Here, each partial polariza-
tion function y,, , (¢, @) can be calculated through an inverse
dielectric function /C,, .., (g, @), according to [11]

0
Inn (q), @) = Z’Cn,n’;m.m/(q”vw))(,(n,)m/(f]nvw)rm,m’(CIu,w)v

m<m’

(1)
where T, ,/(q,®) represents a defect-vertex correction,
which is determined by Eq. (7) below, and the bare polari-
© (g, @) takes the form

n.n'

Lo (41 ®) = 21”2%00 dkyky Azﬂ By, q
X{ Jolew (k)] = folew (kg + qy)]
ho +iyo — e (K + qy]) + en(ky)
Jolew (IKy +ay)] = folen(ky)] }
ho + iyy — &, (ky) + e, ([ky +qy) ]
(2)

zation function y
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Here, QkH’q”
the level broadening, ¢

is the angle between wave vectors k| and q;, v is
e, (ky) = €, + h*kj /2" are subband
energies, &, = n*h*n?/2u* L3, u* is the effectlve mass, Ly is
the well width, fo(x) = {1 + exp[(x — u.)/ksT]|} ™" is the
Fermi function, and u, and T are the chemical potential and
temperature of the electrons, respectively.

In addition, the inverse dielectric function KCs 4., v (¢ @)
in Eq. (1) satisfies

Z ]Cf.f/;m,m' (qll ’ C())em.nﬂ;n,n’(qll ’ 60)

m<m’

= 5f.n5f’,n” (3)

where €,,, .0 (g, @) is the dielectric function and can be
calculated within the RPA [14] as (see the right panel of
Fig. 1)

em,m’;n,n’<q|| ’ Cl))
0
= 5m,n5m’.n' _Zi_y),’(qn s w)rn.n' (CIH ’ w)vm,m';nn/(qu)’ (4)

and the second term corresponds to the defect correction. In
Eq. 4), Vywmw(q)) represents the intralayer Coulomb
matrix elements, given by [33]

Vm,m’;n.n’(Qll)

2

2€0€d q) + 4q)
Fo (2)e =T, ()] F (@),

/dz/dz
(5)

where €, is the host-material dielectric constant, F,(z) =

V/2/Ly sin[(nz/Ly)(z 4+ Ly/2)] is the wave function of
the nth subband, and

r=1+|U]Px,T X=
FIG. 1. (Left panel) Graphic representation for the ladder

approximation used in Eq. (7). (Right panel) Graphic represen-
tation for the random-phase approximation employed in Eq. (21).

dk,k
2ﬂ€0€d2/ I ”(

qs =

Ofolen(ky)]
e, (kn) ) (6)

which plays the role of the inverse of a static screening
length [33]. The particle-in-a-box model for electrons in a
quantum well not only is a reliable model for a number of
existing realistic situations in semiconductor physics but also
proves helpful for considering a simple mathematical model
to reveal the details of an otherwise complicated theory for
effects of defects. Furthermore, this model has been estab-
lished to work satisfactorily for electrons in wide quantum
wells with high-potential barriers and low electron densities
for which tunneling is insignificant. Therefore, the overlap
of electron wave functions in adjacent wells becomes
negligible.

For the defect-vertex correction [12] T, (g @)
introduced in Eqgs. (1) and (4), we find the following
self-consistent equation within the LA (the left panel
of Fig. 1):

Z e \? 1
Fn‘n/(q”,w) =1+< ) _2/ P||P||)(,,n P||7 ) n,n’(pll’w)

2€0€d

o (3) (3] Lo

dzopa(20)|Unw (qy. Pyl20)*

Z e\ 2 2u* Lo/2
— 1+ (2 ) AT ai ) ([ deapac) O iy 0P ) )
—~0

2€0€d

where g = ,/qﬁ + 8y ey, /h?, €y, =€y —€, >0, and the defect interaction with electrons |U, (qy.z0)|* =

|Un ()5 qj|20) [ is calculated as

T An "(fil\ )Aﬁ/“ 2 Luw/2 2
_ ) e w/ =A, (q.9))z—20| =4, (q).0)|z+20]
|Un,n’(q|| ’ Z0)| = 0 do 0 dzfn (Z)an/(Z)[ O e } ’ (8)

An’n(qll ’ 6) + g

the sign + (—) corresponds to the case with n =n' =1 or 2 (n' =2 and n = 1), L, is the system size, Z* is the trapped

charge number of a point defect, 2Ai,n(q“ ,0) = qﬁ =44 /qﬁ + 8u* €,/ 1* cos O + 4u*e,, /h?, Ay is the correlation length
for randomly distributed point defects, and p,(zo) stands for the one-dimensional distribution function of point defects
determined in Sec. Il A. Here, f_ﬁz(/jz dzopa(20)|U12(qy. 20)|* = 0 if pa(z0) = pa(—z0)-
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FIG. 2. |U,(qy.20)|* (in units of k;?) as functions of zokp in

(a) for |U, ,|* and q/kp = 0.1 (black), 0.5 (red), 1.0 (blue), and
2.0 (green); in (b) for |U, »|* and g /kr = 0.1 (black), 1.0 (red),
2.0 (blue), and 3.0 (green); and in (c) for |U,,|* and g /kr = 0.1
(black), 0.5 (red), 1.0 (blue), 2.0 (green), and 3.0 (orange).
(d) The same expression as a function of g;/kp for |U,|%
krzo = 0.0 (black) and 2.0 (red), and, for |U,,|% kpzo = 0.0
(blue) and 2.0 (green). Here, kp = \/27znqy is the Fermi wave
vector, ngw = 1.0 x 10" ecm™ is the quantum-well doping
density, Ly = 100 nm, x* = 0.067m,, with free-electron mass
mo, and A = 10 A.

The lowest-order approximate result of Eq. (7) can be
obtained by simply replacing I, ,»(py, @) with 1 on the
right-hand side of this equation. Therefore, the correction to
[, (g, @) = 1 becomes proportional to the total number
of point defects or the integral of | U, ,|* with respect to z.
In general, the solution of Eq. (7) includes all of the higher
orders of |U, |> by going beyond the second-order Born
approximation [34].

The results calculated from Eq. (8) for |U,, s (). z0)|* are
shown in Fig. 2, where the features in |U,,[* with
n =1, 2, for the intrasubband interactions in Figs. 2(a)
and 2(c) result from the symmetry and antisymmetry
properties of the first two electron wave functions in a
quantum well. On the other hand, |U;,|* in Fig. 2(b) for
intersubband interactions displays the overlap of these two
electron wave functions with opposite symmetries, leading
to two peaks and one node around z; = 0. From Figs. 2(a)
and 2(c), we further find that both the peak strength and
the peak width decrease with an increasing g, and the
reduction of peak strength with g can be seen more clearly
from Fig. 2(d). In addition, a finite value of A,;(g,.6) at
gy = 0leads to a negligible | U, ,|* value, and, furthermore,
the widths of the dual peaks in Fig. 2(b) spread out
significantly with g;.

Based on the calculated |U, (g, z)|* value in Fig. 2,
Eq. (7) can be applied to compute the dynamical defect-
vertex correction I, (g, @) with respect to unity in the
ladder approximation. In order to simulate the physical
distribution of defects shown in Fig. 9, we assume

FIG. 3. 3D plots of a dimensionless I',, (q” , ) value from the
self-consistent solution of Eq. (7). Here, Z* =1, T =4 K,
Ep=n2k%/2u*, e,=13.3, Lo/Ly = 10, p; = 3.0 x 10° cm™!,
p,=2.5x10cm™!, py=1.5x10°cm™", Ap = 1.0 x 10° cm™",
and x = 10. The other parameters are the same as those in Fig. 2.
Results for the real part of T, ,(q@) with n=n"=1,
n=n'"=2, and n=1, n’ =2 are presented in (a), (b), and
(c), respectively, while the result for the imaginary part of
'y 2(qy. @) is displayed in (d). Here, both subbands are occupied.

a regional form, ie., py(z9)/k=pO(—=z9—Lw/2)+
p20(20—Ly/2)+[po+20(Ap/Lyw)]|O(Lyw/2—]z|), where
©(x) is a unit-step function and « is a scaling number.
Similar dependences on both w and ¢ are seen in Figs. 3(a)
and 3(b), respectively, where a very strong intrasubband-
scattering resonance associated with a sign switching
in Re[l",,,(qy, w)] = 1 (g = g} for n =n" =1, 2) occurs
only within the small-value g; — @ region due to the

presence of the )(g,(,),),(q”, o) interaction term in Eq. (7). In
this case, the intrasubband-scattering resonance is deter-
mined by the peak of

Z*eZ 2 2//l* 0)
F”Jl(q”’a)) N |:1 - <2€0€d> W}(ﬂ,n(‘]”,w)

x (/_50/2 dz0pa(20)|U, n(qy z0)|2>] _].

Ly/2

©)

The strength of this intrasubband-scattering resonance
decreases rapidly with increasing ¢ due to a reduced
|U,...(qy. 20)|* value from the suppressed long-range intra-
subband scattering, as displayed in Fig. 2(d). For intersub-
band excitation with n = 1 and n’ = 2, on the other hand,
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FIG. 4. Density plots for 1 /Re{Det[?(q”,w)]} associated with two interlayer plasmon modes in (a) and (b), as well as for
Im{;(,(,%(q” , @)} [in units of (2u*/A?)] related to two particle-hole continua in (c) with n = 1, 2, where the dimensionless dielectric-

function matrix ?(q” , ) is defined in Eq. (4). In addition, x = 0 in (a) and (c), while ¥ = 25 in (b). The other parameters used in the

calculations are the same as those in Figs. 2 and 3.

the two 'y  terms with g and g} = | /qj + 8" ey /h* are

coupled to each other, as can be verified by Eq. (7). As a
result, the broad intersubband-scattering resonance shows
up in Figs. 3(c) and 3(d), along with a sign switching
in Re[l'5(¢qp, )] =1 and a peak in Im[I'| (g, w)].
Furthermore, it is very important to notice that the broad
intersubband-scattering resonance in Figs. 3(c) and 3(d),
due to elastic coupling between the ¢ and g electron
states in the two subbands, is different from the sharp
intersubband-plasmon resonance determined by )(g?g(q” L @)
in Eq. (2).

The calculated T, ,; (g ) in Fig. 3 is substituted into
Eq. (4) to find the intralayer dielectric function modified by
defects in the RPA. Graphically, the dispersion relations
of intrasubband-plasmon modes appear as peaks in the
density plot for the absolute value of the real part of

l/Det[(g(q”,a))] within the (@, ¢q) plane, where the

dielectric-function matrix ?(q||, o) is defined in Eq. (4).
In the absence of defects, from Figs. 4(a) and 4(c), we find
two intrasubband-plasmon modes and two particle-hole

continua (i.e., Im{;(g,(,)z,(q", w)}), correspondingly, for two
occupied subbands in a quantum well. By further intro-
ducing defects to the quantum well in Fig. 4(b), the
dispersion of the lower plasmon mode has been modified
noticeably for small ¢, values due to energy shifts from the
contribution of Re{I’, , (¢, )}, as shown in Fig. 3. Such a
modification to the plasmon dispersion relation can have a
nonlinear x dependence for large k values (or higher defect
densities). The defect effect on the intersubband-plasmon
mode is very weak and is not shown in Fig. 4.

By using Eq. (3) with this modified dielectric function,
the resulting inverse dielectric function is further input into
Eq. (1) to compute related changes in the screened partial
polarization functions &y, ,(g;.®) of a single quantum
well. For intrasubband excitations in Figs. 5(a) and 5(c), the
defect-induced change 6Im[y, (g, )] displays a peak
shift (sign switching) to a lower and lower value of w
with an increasing « value. However, slmly; ;(gy. ®)] is

reduced significantly for a larger g value due to weakened
scattering interaction, as shown in Fig. 2(d). It is also
interesting to notice that the depolarization shift of a

plasmon peak (Im[y;;(gy.®)] vs Imbgg?f(q||,w)]) in the
two insets (il) and (i3) [with T, ,(q).@)=1] also
increases with gy, but it will not show up in
SImly, |(q.w)] for defect effects. This pure plasmon
depolarization shift to a higher @ value is rooted in a
many-body screening effect and is slightly reduced by
defect scatterings. Similar features in 6Imly, ,(q), ®)| can
also be found in Fig. 5(d) for intersubband losses, but their
magnitudes become much smaller due to very weak
intersubband-scattering processes. In addition to the shift
of this broad intrasubband-plasmon peak by defects, we
also expect defect effects on a sharper intersubband-
plasmon-loss peak (around 7w ~ &) for a smaller g
value, as presented in the inset of Fig. 5(b), where nearly

(@ (b)

o o
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FIG. 5. (a)(c) dlm[y (g, )] and (b),(d) SIm[y;,(qy,®)]
calculated from Eq. (1) as functions of Aw/Ep for k=5
(red), 7 (blue), and 10 (green). Here, the parameters and units
used for ;(fr)l,(q”,w) are the same as those in Figs. 2—4. Results
are shown for (a),(b) q/kr = 0.1 and (c),(d) 2.5. The inset of
each panel compares the bare Imb(s?,)l,(q”,w)] value and the
screened Im[y, (g, )] value under RPA in the absence of
defects.
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no shift of the intensive intersubband-plasmon peak is
found.

B. Effects on energy loss of electron beams

In Sec. IT A, we discuss the effects of defects on the
intralayer partial polarization function y, ,(q.®). Here,
we extend our study to the kinetic-energy loss of a ballistic
electron beam by further taking into account the defect
effects on the interlayer total polarization function. A full
review on the excitation of collective modes, such as
plasmons, in bulk materials, planar surfaces, and nano-
particles was reported in Ref. [35], and the light emission
induced by the electrons has proven to be an excellent
probe of plasmons, combining subnanometer resolution in
the position of the electron beam with nanometer resolution
in the emitted wavelength.

Let us assume that a semi-infinite semiconductor occu-
pies the z > 0 half-space and consider a classical (heavy
and slow) point charge Q, moving along a prescribed path
R(7) in the air space (z < 0) outside the semiconductor
region. In such a case, we find that the external potential
@, associated with this moving charged particle in the
quasistatic limit satisfies the instantaneous Poisson equa-
tion [36,37], i.e.,

R) =-Lsr-R().  (10)

v%q)ext<r’ t
€0

where R(1) = {R (), Z(t)} is the trajectory of the charged
particle, and r = {r, z} is a position vector. The solution
of Eq. (10) inside the region of Z(#) < z < 0 is found to be

d2q|| ®dw iq-ry—iwt ,—
@a (k)= [ T[S olRyenrea,
()

where the Fourier-transformed external potential is calcu-
lated as

ol 0lR) = =520 Fo(ay.0fR). (12

and its structure factor is

Fo(qy, w|R) = /00 dr enZ() i ~iayRy(1) - (13)

—0o0

From a physics perspective, the existence of @, inside
the semiconductor induces a potential ®;4 outside the
semiconductor (i.e., z <0) due to the charge-density
fluctuation, yielding

D, (r, 1

B qu” © dw
R) = [ S [" la iR

% eiqu'r||—iw’8(q”’ w)edl?, (14)

where S(gy. @) is the so-called surface-response function
[11] determined later by matching the boundary condition.
Within the semiconductor region (0 < z < L), we write
down similar expressions for the external ®Z,, and induced

@, potentials, given by

dq) [*do
@ R) = — R
ext(r’ t ) / (271’)2 [oo o ¢ext(q||7(1)| )
X e TIPS (2] qy), (15)
> d2q|| © dw
O 4(r. |R) = - W Z%m(‘lll»wm)
X el um=iolg> (zlqy, ). (16)

where @ (z|g) is the bare external potential in the
electrostatic limit (g ¢ > w) for a slab of semiconductor
material of thickness Lo, ®7(0|g;) = 1 — ggan(gy), and
Gsiab(q)) s the surface-response function for a dielectric
slab without doping electrons [11]. Since the total potential
@5 (zlqy) + ¢iq(zlqy. @) inside the semiconductor (z > 0)
equals the screened external potential, we get ¢, in
Eq. (16) from [38]

bina(zlqy. @) :/dzl[€_1(2’2/|q||’w) —6(z—2')|@g (Z]qy).
(17)

In Eq. (17), the inverse dielectric function can be deter-
mined from

6_1(Z9 Z/|Q||»w) = 6(Z - Z/)
+/dZ”Vc(ZvZ”|‘I||))((ZHaZ/|‘1||»w)v

(18)

where the interlayer Coulomb coupling V.(z.7'|g)),
including the image potentials, is calculated as [11]

Polqy)e’ / '

Ve(z. Zlq)) = 5—————[e7 =1 4 afe 2o ennl==]
¢ I 2€0€d(q“ + QS) ’

+ aoe—q”|z+z’\ 4 aoe—24|\ﬁoeq||‘z+z/w, (19)

and ag=(e,~1)/(eq+1), fo(qy)=1/[1-agexp(=2¢;Lo)]-
For a multi-quantum-well system, the density-density-
response function in Eq. (18) takes the form [36]
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N

> 8z - ja)g.(j. i'lay. ©)8( - ja).

Jj.J'=0

22,7 gy w) =
(20)
where a is the well separation, £, = Na, and the screened

polarization function ¥, (j, j’|q), ) within the RPA can be
obtained from the following self-consistent equations [36]:

2. J'qy. o) = x;(q). @)8;
N
Zilq. @ V.(ja,j"alq))
J’( 7)=0
xy.(J" J'qy. o). (21)

Here, the summation over j” excludes the intralayer term
with j” = j, the integers j =0, 1,...,N labels different
wells, and 7;(qy. @) = >, <ydnw(J. jlqy. @) is the total
polarization function for the jth quantum well, as discussed
in Sec. ITA.

By combining Egs. (17), (18), and (20), ¢;.4(z|gy, @) in
Eq. (16) can be rewritten simply as

N

Prna(lay @) =

Jj.j'’=0

Ve(z.jalgy)x.(.J'|q. ©)®5 (j'alqy).

(22)

By matching the boundary condition for the total potential,

i.e., 1- 5(6]”,60) = [1 — gslab(q”)] + ¢;d(0\q||,a)) at the
surface z =0, we are able to find the surface-response
function introduced in Eq. (14) from

S(q), ) = ggan(qy)

N
- Z VC(O’ jal‘]ll)~e(j’ j/‘QH,a))q)g(j/alq“),
J.Jj'’=0

(23)

where [36]
9sian(q)) = 2a0Po(qy)e” 1" sinh(gyNa),  (24)
and the external electrostatic potential in Eqs. (17) and (23)

inside a slab of semiconductor (0 <z < Na) is found
to be [36]

®; (zlqy) = [1 - gs;“’(q”) +

1+ gslab(qn):| o412

2€d
1- gslab(Qll) 1+ gslab(qn) q
- Iz, 2
N [ 2 2, |° (25)

The absorbed kinetic energy AE{R} of an electron
beam can be calculated by integrating the Poynting vector

over the surface and over time in the air region, which leads
to [38]

AEabs{R}

2 <
_eo/d r”/ dtRe{ o (r.t|R)]* 0 (Dg‘t%z"m}

where @ (r,7|R) is the total potential outside the semi-
conductor region (z <0), calculated by combining
Egs. (11) and (14) and given by

’

z=0

(26)

d’q © dw
q)tgt(r’ [|R) = / (zn_)llz/ Z [e—q"z - S(qH,a))equZ]
x eiq”-r”_iw%ﬁext(qll’ (1)|R> (27)

Substituting this result into Eq. (26), we find

s Ry =2 [0 [ (w)

x Im{S(gy. )}, (28)
where Im{S(q, @)} is the so-called loss function [11].

Specifically, for a charged particle moving parallel to the
surface, we have R(7) = {Vt,Z,} and obtain

AT/2 _ ,
/ dt/e—q”ZOez(w—q”-V”)t
—AT/2

= 27ATe201%l5(w — q- V). (29)

2
|-7'—0((1||760|R>|2 = lim

AT—o0

which leads to the following power absorption for the
AEw(Vy) _ 05 [ dqy

parallel electron beam:
e~2a11Z| q”_V”
AT 26‘0 (277,' ) q|

x Im[S(qy. qp - V)] (30)

More interesting, if a charged particle moves away from the
surface perpendicularly, we can write R(¢) ={0,Z,—V 1},
with an impact parameter |Z| (Z, < 0) and 0 <t < T, for
the damped particle, and obtain

|}_0(Q||,CU|R>| hm

0—)00

Ty AN 2
dl‘le_q"(‘ZOHVLI )ezmt
0

e—KIu\ZU\ 2

q| V-
e~2ay1Zo

=, 31
0] —f—qZV2 (31)

= lim 1_ elaVi- lw)To]

Ty~
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FIG. 6. Changes of loss function 6Im[S,, (g, ®)] calculated
from Eq. (23) as functions of Aw/E in the single quantum well
for (a),(c) g/ kr = 1.0 and (b),(d) q/kp = 2.5, with x = 5 (red),
7 (blue), and 10 (green). The inset of each panel displays the
dimensionless loss function Im[S, (g, )] in the absence of
defects. Here, the parameters used in numerical calculations are
the same as those in Figs. 2 and 3.

which yields the energy absorption for the perpendicular
electron beam

AE. (V Q% d2Q|| do (o e2411%o]
abs( L)_2_€0/(2”)2/Z q_” WqﬁVi

(32)

In this case, the integral over @ with respect to the loss
function Im{S(g, @)} includes the damping contributions
from both the particle-hole and collective excitation modes
of electrons [39].

Multiple plasmon excitations in graphene materials by a
single electron were predicted to give rise to a unique
platform for exploring the bosonic quantum nature of these
collective modes [40]. Such a technique not only opens a
viable path toward multiple excitation of a single plasmon
mode by a single electron but also reveals electron probes
as an ideal tool for producing, detecting, and manipulating
plasmons in graphene nanostructures.

For a single quantum well, the surface response function
S(qy. @) = > <wSnw(q).®) can be obtained by setting
j=j =01in Eq. (23), and the total loss function is just
Im[S(qy, ®)] = >,/ IM[S, (g, ®)]. Here, the defect-
induced change 6Im(S, ,/(q, )] directly relates to the
imaginary part of the screened partial polarization function
sImly, (g, )] presented in Fig. 5. For ¢ /kp = 1.0, we
determine from Figs. 6(a) and 6(c) that 8Im[S(g, w)] is
dominated by 5Im([S; ; (¢, @)] for a stronger intrasubband-
scattering process, which increases with the defect-density
scaling number k. The sign switching reflects the shift of a
loss peak [see the insets of Figs. 6(a) and 6(c)] to a lower
value of w. As g /kp is increased to 2.5 in Figs. 6(b) and
6(d), the resonant peak of Im[S(g, @)] moves to a higher @

= 40 =
3 3
S s
o020 =
«, Y,
E |
1= 00 =
= 2
0.0 0363 p/p, 0917 00 0363 pp, 091

3 20 3
< 12 /i@ s E
S os 1 9] B
L, ool hw/Ep ©,
E 0.4 00 04 08 1.2 E
o o

q I
S 00 S

= =

0.0 0.514

hw/Ep 1.27

FIG. 7. Changes of loss function 5Im[S,, ,/(¢y. )] calculated
from Eq. (23) as functions of Aw/Ep in single and multiple
quantum wells at gy /kr = 0.1 for (a),(c) N, =1 and (b),(d)
N; =3, with k =5 (red), 7 (blue), and 10 (green). For defect
distribution, we still use py(zg)/k = p1O(—z9 — Lw/2)+
p20(z0 = Lw/2) + [po + 20(Ap/Lw)]O(Lw/2 = |zo|) for each
quantum well and the two outer barriers, while p,(zg)/x is set
to p, for the regions between the two adjacent quantum wells.
The inset of each panel displays Im[S,, , (¢, @)] in the absence of
defects. (b),(d) a/Ly = 4 and the other parameters used in the
numerical calculations are the same as those found in Figs. 2
and 3.

value [comparing insets (i1) and (i2) to (i3) and (i4)].
However, the similar defect-related features as used in
Figs. 6(a) and 6(c) are greatly weakened due to a dramatic
reduction of scattering interactions, as shown in Fig. 2(d).

For a multi-quantum-well system, the interlayer
Coulomb coupling V.(ja, j'alq)) in Eq. (21) will modify
the intralayer total polarization function (g, ), as well
as the surface-response function in Eq. (23). From the
comparison of single- and multi-quantum-well systems in
Fig. 7, we find that the intersubband-plasmon loss
Im([S; ,(gy, )] is strongly coupled to the intrasubband-
plasmon loss Im[S) (g, w)] by interlayer Coulomb cou-
pling, as shown in inset (i4). Here, the weaker
Im[S i (g, @)] peak in inset (i2) is greatly enhanced by
its sitting on the shoulder of a much stronger
Im([S; 5(gy, ®)] peak in inset (i4), giving rise to a profile
for the total Im[S(g. )] peak. As q;/kr = 0.1, the defect-
induced peak shift in 6Im[S; ;(gy. ®)] to lower @ can be
seen in Fig. 7(b), but not for 6Im[S) (¢, )] in Fig. 7(d),
except for a significant enhancement of the shoulder peak
with an increasing k value by interlayer Coulomb coupling.
Moreover, by comparing Fig. 7(a) to Fig. 7(b), we find that
both Im[S ; (¢, w)] and 6Im[S, ; (g, w)] are dominated by
the intralayer Coulomb coupling V,, ,..»(q)) given
by Eq. (5).

C. Effects on loss of photons

In Sec. II B, the defect effects on the energy loss of
electron beams in a multi-quantum-well system is
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discussed. As a comparison, the defect effects on the loss of
photons (or photon absorption) in the same system are
investigated here. In this case, the absorption coefficients
for both intrasubband and intersubband optical transitions
of electrons can be calculated from [41]

_ e :
Bavs (@) = n(w)e { + exp(hw/kpT) —
% Im{a, (o)}, (33)

where 7w is the incident-photon energy and the dynamical
refractive-index function n,(w) is

(o) =21+ Refa (o)

+ /1l +Re{a (@) + [Im{a, ()} (34)

For intrasubband transitions with an optical probe field
polarized parallel to the quantum-well planes, a; (w) in
Eqgs. (33) and (34) is the Lorentz ratio, calculated as [12]

a (o) = aﬁ(w)

(35)

where R is the radius of a normally incident Gaussian
light beam, N + 1 is the total number of quantum wells in
the system, and the optical-response function [42]

QL! (g w) for the jth well is found to be

in)

By including the couping due to interlayer
Coulomb interactions, the partial polarization function
Inn(J.J's @ @) introduced in Eq. (36) with j = ;' needs
to be computed from the following self-consistent
equations [36] (taking n = n’ and j = j' afterwards), i.e.,

Q” (q I @ (36)

:)(nn'(Q||’a))5' j

+)(nn Q||7a)) Z

J"(#7)=0
X)?n,n’(j//’j/‘qll? a))’

)?n,n’(jvj/|q||7w)
c(ja.j a|61||)
(37)

where y, v (q.®) =¥, (j.jlg). @) and the interlayer
Coulomb matrix elements V.(ja, j"a|q;) are still found
from Eq. (19). By further taking into account the coupling
between different subbands in each quantum well, the
screened partial polarization function y,,/(q,®) in
Eq. (37) must be calculated from Eq. (1) after finding
the inverse dielectric function from Egs. (3) and (4).

On the other hand, for a spatially uniform optical probe
field polarized perpendicular to the quantum-well planes,
the Lorentz ratio a; () in Egs. (33) and (34) for intersub-
band transitions becomes [12]

202 & N
- Qj (g =0.w). (38
eoedej; i (i )

where we assume g, /kp = \/e,w/kpc < 1, and kp is the
Fermi wave number of electrons in quantum wells. In this

case, the optical-response function for the jth well in
Eq. (38) takes the form [42]

2

Qi (g, ) = D?n,n/(j,jlqu,w)‘ /_oo dzF y(2)2F,(2)

n<n’

(39)

Moreover, the influence of interlayer Coulomb coupling
on the intersubband partial polarization function
Inn'(J.J'lqy. @) should still be determined from Eq. (37)
(setting j = j' afterwards).

A periodic stack of graphene layers embedded within a
dielectric bulk is expected to have the properties of a one-
dimensional photonic crystal with stop bands at certain
frequencies. As an incident electromagnetic wave is
reflected from these stacked graphene layers, the tuning
of the graphene Fermi energy or conductivity renders the
possibility of controlling these stop bands, leading to a
tunable spectral-selective mirror [43]. In addition, a
transfer-matrix method is applied to explore optical reflec-
tion, transmission, and absorption in single-, double-, and
multilayer graphene structures [44]. Both the total internal
reflection in single-layer graphene and the thin-film inter-
ference effects in double-layer graphene are shown for
increasing light absorption.

For intrasubband electron transitions induced by an
optical field with a polarization parallel to the quantum-
well plane, we present in Fig. 8(a) the defect modification
to the absorption coefficient 5l (w) calculated with
Egs. (33) and (35). Here, the low-energy photon absorption
peak in inset (i1) is attributed to the excitation of intra-
subband plasmons, and this peak is shifted to an even lower
 value with an increasing « value. On the other hand, for
the intersubband transition of electrons under an optical
field polarized perpendicular to the quantum-well plane, we
display in Fig. 8(b) the defect changes in absorption
coefficient 6f4 (@) calculated from Egs. (33) and (38).
In this case, however, a high-energy and broad photon
absorption peak in inset (i2) results from intrasubband-
plasmon excitations, and no shift associated with this peak
with « is found.

As displayed in Figs. 8(a) and 8(b), reductions in proton-

induced defects in both &l (w) for intrasubband
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FIG. 8. Changes of intrasubband 6ﬂabs(w) and intersubband

5B~ (w) absorption coefficients (in units of k) calculated from
Egs. (35) and (38) as functions of Aw/Ey for Ny =1 and k =5
(red), 7 (blue), and 10 (green). The insets (i1) and (i2) of (a) and
(b), respectively, present ﬂabs( w) and f% (@) (in units of k) in the
absence of defects. Here, kxRy = 50 and the other parameters
used in the numerical calculations are the same as those found in
Figs. 2 and 3.

absorption and &f (@) for intersubband absorption give
rise to a decreased photoresponsivity [28,29] of quantum-
well infrared detectors. As a consequence of this reduction,
the lifetime of satellite onboard electronic and optoelec-
tronic devices is shortened greatly. Therefore, the current
theory can lead to a more realistic characterization of
quantum-well photodetectors for not only high quantum
efficiency and low dark current density [28,29] but also
radiation tolerance or the ability to withstand the effects of
the radiation they experience in a particular orbit.

III. ULTRAFAST POINT-DEFECT DYNAMICS

In Sec. II, we discuss only the effects of point
defects on losses of electron energy and photons in a
|

multi-quantum-well system. In this section, we explore
ultrafast dynamics for the production of Frenkel-pair
defects and their follow-up reactions and diffusions in
the same system. In this way, the spatial dependence of the
one-dimensional distribution function p,(z) introduced in
Eq. (7) for the defect-electron interaction can be extracted.
It is known that Frenkel-pair production is followed
subsequently by diffusion and reactions to reach defect
stabilization through diffusion-induced recombination and
reactions with residual defects in the system. Here, the
diffusion of point defects is driven by forces other than the
concentration gradient of defects, e.g., compressive stress
near sinks. The reactions, on the other hand, are enabled by
the presence of growth-induced dislocation loops at the two
interfaces of a quantum well.

A. Defect diffusion-reaction equations

Let us start by considering an N-layered material
structure in the z direction. Each material layer is charac-
terized by the (bulk) irradiation parameters G), R/, D/,
and I'(z), with layer labels j = 1,2,3, ..., N, for produc-
tion and recombination rates, diffusion coefficient, and
bulk-sink annihilation, respectively. In modeling a meso-
scopic-scale sample, the interface-sink strengths [k/(1)]?,
with j=1,2,3,...,N—1, also need to be taken into
account.

For a reaction-rate control system, we can write down the
diffusion-reaction equations [1] for the concentrations of
point vacancies and interstitial atoms as

K- g w (@ el
) i 1~ (BL/20) ﬁzﬁR( AFelz.y eIl 09 =2, 40
8c{§, )=o) 826225’ - % cl(z 1)el(z,1)
B io: 1- (B’“/Zn?;;;f[];flé:)]zagl(f’ ) o (. 0l (2. 0)8(z = 2j41)
e I GUE “
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where the small thermal-equilibrium concentration of point

vacancies is neglected at low temperatures, B{L is the bias

factor for recombinations [1], B}, # B/ are the bias factors
for vacancies (v) and interstitials (i), and D}, and D{ are the
diffusion coefficients. The terms on the right-hand side of
the equations correspond to diffusion sources and reactions,
integer j is the layer index, integer ¢ indicates the number
of interstitials enclosed within a planar dislocation loop
[45], z; and zj,, represent the left and right interface
positions of the jth layer, ci(z,7) and cl(z,t) are the
concentrations of point vacancies and interstitials, and G is
the production rate for Frenkel pairs. Here, p,(z) can be
obtained by multiplying the sample cross-section area with

cy (z t) and cl( t). In addition, in Egs. (40) and (41), we
use the facts that, in a reaction-rate control system, R/ =

I/, = B,Q;D!,/(a})? for the vacancy-interstitial recom-
bination rate, F{M}d(f, t) = [K‘il nal?s t)]szM}/o{ﬂ(f 1)
is the rate for the interaction between defects and interface
dislocation loops, and [K{Lv}d(ﬂ N = B{i.v}d(f)aél(f, 1)

for the dislocation loop-sink strength, where Q; is the

)
atomic volume, a is the lattice constant, and cfp =

e

Frenkel

(D’ + DJ)] is the initial number of

B’{'M}d(f)~8{.v and
R’{‘w} (€)~¢a}/2x are the bias factors for the reactions

pairs.  Furthermore,

and the capture radii of vacancy-dislocation loop (vd) and
interstitial-dislocation loop (id), and, finally, o, (¢, 1) is the
growth-strain-induced interface dislocation-loop (enclosing
¢ captured interstitial atoms) areal density.

The diffusion coefficients D{@ for point vacancies and
interstitials can be calculated from [1]
J
E i,v
kgT )’

represents the migration energies for point
vacancies and interstitials, o/ is determined by the diffusion

D{.v = aj(aé)za)f) exp <— (42)

where E/,

mechanism and crystal symmetry, w}, = (672/Q ), is
the Debye frequency, and v, is the sound velocity of the
host semiconductor.

The interface dislocation-loop density o’ (¢,1) in
Egs. (40) and (41) can be found from the following reaction
equation [1] (for £ > 4), i.e.,

020 _ gy 4 1.0 v a6+ 1o+ 1.0)
A =100k (e~ 11

—[BL(E. )+ UL +al (2. 0)]oh(4.1).  (43)
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FIG. 9. Concentrations of (a),(c) point vacancies ¢ (z) and
interstitials c{ (z), and (b),(d) dislocation-loop densities oél(f ) at
two interfaces, in an AlAs-205 A/InAs-75 A/GaAs-255 A sin-
gle quantum well at (a),(b) 7 = 400 K and (c),(d) 300 K. Here,
the g{) values are 4.6, 0.9, and 2.1 in units of 10!7 cm™ sec™! and
the c{;-P values are 1.2, 0.8, and 1.0 in units of 10° cm™ for j = 1,

2, 3. In addition, the 66 values are 2.0, 1.0 in units of 10° cm™2 for
Jj =1, 2. The values for other parameters, i.e., the bias factors, the
absorption and emission rates, and the diffusion coefficients, are
obtained from crystal symmetries [1] and by scaling melting
temperatures with respect to SiC materials [46].

where o/, (£, 1 = 0) = 6)5,4 and o) is the initial density for
the smallest interface dlslocatlon loops containing four

the absorption [ﬁ{’“(f, )] and emission
[} (¢, 1)] rates are given by [1]

interstitials,

1 (¢.1) = talBL,Dl cl (2.1, (44)

. . /D! E} (?)
J — J RJ i _ R
al(¢,t) = CayB! (Qj) exp { koT ] (45)

and E{”(f) is the binding energy for a planar cluster of £
interstitials.

We show in Figs. 9(a) and 9(c) the steady-state spatial
distributions for concentrations of point vacancies c{;(z)
and interstitials c{ (z) in an AlAs/InAs/GaAs single-
quantum-well system. We notice from Egs. (40), (41),
and (43) that both ¢)(z) and ¢/(z) in a steady state
eventually become proportional to g, although C'{;P is

initially proportional to \/g{;. In Fig. 9, the comparison of

results at 7 =400 K (upper panels) and 300 K (lower
panels) are presented to demonstrate the diffusion of point
vacancies into the well through both interfaces due to
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thermally enhanced diffusion coefficients of vacancies.
However, the interstitial concentration around the left
interface is greatly depleted (there is a deep dip) at 7 =
400 K as a result of large absorptions by dislocation loops,
although they still diffuse into the well through the right
interface. In Figs. 9(b) and 9(d), we display results for
steady-state distributions of dislocation-loop densities

oy (¢) (£ >4) as functions of the loop-site number,
corresponding to the left (j = 1) and right (j = 2) inter-
faces at 7 =300 and 400 K. Here, the increases of
dislocation-loop densities (£ =4) at the left interface
and the simultaneous swellings of dislocation loops
(Z > 4) at the right interface are found due to the enhanced
reactions with point interstitials by their increased diffusion
coefficients. Moreover, the defect diffusions occur mainly
around interfaces between two adjacent layers or across the

interfaces, and ¢,(z) # ¢!(z) due to their different diffusion
coefficients, although these two concentrations are initially
identical.

If the penetration depth of protons is larger than the
sample thickness, the overall distribution of defects for a
multiple-quantum-well structure can be determined by
repeating the single-well defect distribution along the
growth direction. Therefore, our defect diffusion-reaction
model for the AlAs/InAs/GaAs quantum well is adequate
for the multi-quantum-well system.

B. Defect production by proton radiation

The diffusion-reaction equations presented in Sec. III A
can be applied to find the spatial dependence of the one-
dimensional distribution function p,(z) of the defects.
However, the initial conditions of these equations require
the production rate and the concentration of proton-
produced Frenkel pairs. Therefore, we must study the
production dynamics of point defects under proton irradi-
ation with different kinetic energies, which connects the lab-
measured defect effects (x number of point defects) to
space-measured energy-dependent proton fluxes in a par-
ticular Earth orbit. For this purpose, an atomic-level
molecular-dynamics simulation approach is employed, with
help from a Tersoff potential fitted by parameters [46,47].

For a bulk material, the production rate per unit volume
Go(E;) (sec™! cm™3) for the displacement atoms in a crystal
lattice can be calculated from [1]

gO(Ei> = natGD(Ei)f()(Ei)’ (46)

where E; (MeV) is the incident proton kinetic energy,
n, (cm™3) is the crystal atom volume density, F(E;)
(cm™ sec™!) is the incident energy-dependent proton flux,
and op(E;) (cm?) is the energy-dependent displacement
cross section.

Physically, the displacement cross section op(E;) in
Eq. (46) describes the probability for the displacement of

struck lattice atoms by incident protons; therefore, we can
directly write

Emax (E;)
on(E,) = / derQler)oc(Erer)Namer).  (47)

where o(E;, er) [cm? (keV)™!] is the differential energy
transfer cross section by collision with the lattice, which
measures the probability that an incident proton with
kinetic energy E; will transfer a recoil energy e (keV)
to a struck lattice atom, NV yp(er) (no unit) represents the
average number of displaced atoms produced by collision
with the lattice, and E; labels the energy threshold, i.e., the
energy required to produce a stable Frenkel pair. In
addition, e, (E;) = [4myM,/(my + M)?]E; is the upper
limit for the recoil energy gained by the struck lattice atom,
where M|, refers to the mass of the lattice atoms and m to
the mass of the incident protons.

The function Q(er) (dimensionless) introduced in
Eq. (47) is the so-called Lindhard partition function and
is written as [48-50]

1
Qer) = T4 K, 9(er/Ey) (48)

where the Ziegler-Biersack-Littmark (ZBL) reduced-
energy E; is defined as

EL: m0+M0 lezez’ (49)
MO 47[€Oau

while the reduced electronic energy-loss factor IC; is

2/3,1/2
o P (A Mym)P?
126237 + 233 /My/my
my=1.67x 10?7 kg is the proton mass, a, =

0.8853ag/ (23 + Z2*)V/2 is the ZBL universal screening

length, ap = 47egh?/m,e* = 0.5292 A is the Bohr radius,
m, is the free-electron mass, and the Lindhard function
g(x) is calculated as

g(x) = x + 0.40244x¥4 + 3.4008x'/6.  (51)

In the current case, we set Z; = 1 (proton), Z, = 31 (Ga),

or 33 (As) for the nuclear charge number of lattice atoms.
Moreover, the differential energy transfer cross section

oc(E;, er) [em? (keV)~!'] can be approximated as [50]

ra; ho{[z(E;, r)]'*}

5 % (E;) [0(E;. &) ema (E;)

oc(E;.er) = — ) (52)
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FIG. 10. Total number AN yp(er) of defects in MD simulation
as a function of the PKA energy Epga = &7 scaled by the number
Ny of defects at the peak time in Fig. 11, where the formulas are
N (er) =Apler(keV)]" and Ny = By[er(keV)]”, with param-
eters Ay = 75.07,n = 1.11, By = 64.15, and £ = 1.04 extracted
from the fitting (the dashed curve). Here, the display is in
logarithm scale with a straight-line dependence, while the fitting
is done in linear scale with an exponential dependence. Here, the
fitting result is presented on a logarithm scale with a straight-line-
like dependence, while the fitting is done for a linear scale with an
exponential dependence which requires a delicate fitting process.

where 7(E;, e7) = a?(E;)er/emax (E;) is the dimensionless
collision parameter, and a,(E;) = E;/E; is the scaled ZBL
reduced energy. The function /y(x) introduced in Eq. (52)
is defined as

_ InA(x) L%
2B(x)  2A(x)B(x)
xInA(x)(1 4 bex™ + d/2x'/?)
- 2B%(x)

ho(x)

, (53)

where A(x)=1+ax, B(x)=x+bx+dx'/?, a =1.1383,
b =0.01321, ¢ =0.21226, and d =0.19593 are four
parameters.

Finally, N'yp(er) in Eq. (47) can be computed by using
MD simulations. As shown in Fig. 10, the calculated
Nwup(er) can be fitted reasonably well by a simple power
law, i.e., Nyp(er) = Agler(keV)]" with proper fitting
parameters Ay and n. Finally, by combining the results
in Egs. (46)—(52), for a given flux spectrum F(E;), we get
the production rate Gy(E;) per unit volume as

() — _"ami Ay F@(g)ﬂ(g)}

2 6'max(Ei)
enn(E) ho{[e(Eier)]'?}
Xéd derQ(er)ler(keV)] O[T(Ei,€r)]3/2 ’

(54)

which can be evaluated numerically once the fitting
parameters A, and n are obtained. Here, Gy (E;) is related

100+

104 m Ga displaced atoms

O As displaced atoms
- A Ga antisite defects
V As antisite defects

Number of displacements

0.1 1 10
Time (ps)

FIG. 11. The number of Ga and As displaced atoms and antisite
defects as a function of time in a e = 10 keV Ga-PKA cascade
in GaAs, where the peak time of about 0.8 ps is found.

to the more familiar nonionizing energy loss [22] NIEL(E;)
by Go(E:) = (pu /i )(0.4/E)Fo(E)NIEL(E,), with
pa being a crystal atom weight density [22].
Furthermore, the concentration cpp(E;) for Frenkel-pair
defects can be roughly estimated from cgp(E;) =
Go(E;) (o + 7,/2), where 7, is the effective proton transit
time through the sample, and 7, ~ 10 ns, which is propor-

tional to 1/+/F(E;), is the time required to reach a steady
state for generation of Frenkel-pair defects after the
production has been balanced by the recombination.

We present in Fig. 11 the numerical results for a
calculated number of lattice-atom displacements as a
function of time after a Ga PKA has been introduced to
a GaAs crystal with the recoil energy e = 10 keV. From
Fig. 11, we find that the number of lattice-atom displace-
ments reaches a peak value Ny at about 7 = 0.8 ps. After
this peak time, only 13% of the displaced atoms recombine
with vacancies, and most antisite defects are generated
during the collisional phase. In addition, a steady state with
er = 10 keV has been reached for 7 > 10 ps, where As
defects are slightly higher than Ga defects due to the
smaller formation energy for As defects [23].

The numerical results for the number A (e7) of Ga and
As displaced atoms and antisite defects as a function of
recoil energy e at t = 10 ps are displayed in Fig. 12,
where the Norgett-Robinson-Torrens (NRT) result is given
by Nr(e7) = Nnrr(er) = 0.8e7/2E,. Tt is clear from this
figure that the number of defects at steady state is found to
be much higher than that given by the NRT value.
Moreover, nonlinear dependence on &7 is limited only
for low-energy PKA recoils.

In order to provide initial Frenkel-pair defect concen-
trations and its production rate, we show in Fig. 13 the
numerical result of Eq. (54) for Gy(E;). It is clear from this
figure that there exists a peak for Gy(E;) as a function of
incident-proton kinetic energy due to competition between
increasing the &, (E;) value and decreasing the o¢(E;, €7)
value at the same time.
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FIG. 12. The number N r(e7) of Ga and As displaced atoms
and antisite defects as a function of recoil energy Eyp = &7 in
MD simulation at t = 10 ps, where the NRT result is given by
Np(ep) = 08¢ /2E,,.
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FIG. 13. Calculated defect production (or damage) rate Gy (E;)
per unit volume as a function of the incident-proton kinetic
energy E;. Here, the proton flux is assumed to be a constant
3.0 x 10'? cm™2 sec™!.

IV. SUMMARY AND REMARKS

In conclusion, we investigate in this paper the effects of
point defects on the loss of either electron kinetic energy or
incident photons in a multi-quantum-well system. The
influence of proton-radiation-produced defects is taken
into account by applying the vertex correction to a bare
polarization function of electrons in quantum wells within
the ladder approximation, which goes beyond the usual
second-order Born approximation. Both intralayer and
interlayer dynamical screenings to the defect-electron
interaction are also considered under the random-phase
approximation. Furthermore, the defect effects on the
electron-energy loss function, as well as on intrasubband
and intersubband optical absorption, are shown and
discussed.

To find the distribution function of point defects in a
layered structure for calculations of defect effects, we apply
the diffusion-reaction-equation method, where the reac-
tions of point defects with the growth-induced dislocation

loops on interfaces of the multilayered system are included,
and the increase and decrease of dislocation-loop density
and point-defect concentrations are found at the same time
due to the thermal enhancement of defect diffusion. In
addition, the Frenkel-pair defect production rate and the
initial concentration of Frenkel pairs are obtained from an
atomic-level molecular-dynamics model after fitting the
numerical results for Frenkel pairs as a function of energy
of a primary knock on atom.

The defect-effect, diffusion-reaction, and molecular-
dynamics models presented in this paper can be combined
with a space-weather-forecast model [20,21] which pre-
dicts spatiotemporal fluxes and particle velocity distribu-
tions. In addition, the atomic-level molecular-dynamics
model employed in this paper is based on a fitted short- and
long-range interaction among all atoms from extensive
calculations using the first-principle density-functional
theory for an individually considered material. With this
combination of theories, the predicted irradiation condi-
tions for particular satellite orbits allow electronic and
optoelectronic devices to be specifically designed for
operation in space with radiation-hardening considerations
[17] (such as self-healing and mitigation). This approach
will effectively extend the lifetime of satellite onboard
electronic and optoelectronic devices in nonbenign orbits
and will greatly reduce the cost. The theory in this paper
can be applied to space-based sensing and imaging, and it
can lead to a more realistic characterization of quantum-
well photodetectors for not only high quantum efficiency
and low dark current density but also radiation tolerance or
mitigation of the effects of the radiation.
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