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Abstract: Analytic crpressions for the high-frequency conductivity tensor and the
absorption cocfficient of a weak electromagnetic wave (EMW) by free carriers for the case
of clectron-optical phonon scattering in doping superlattices arve caleulated by the Kubo-
Morvi Method i two cases: - The absence of a magnetie field. - The presenee of @ magnetic
field applicd perpendicular to ats barrviers. A different dependence of the high-frequency
conductinty tensor and the absorption coefficients on the clectromagnetic wave frequency
w, the temperature T of the system, the cyclotron frequency € (when o magnetic ficld 1s
present) and chavacterstie pavameters of a doping supervlattice i comparison with normal
semiconductors s obteined. The analytic erpressions are nuwmerically evaluated. plotted

and discussed for a specific doping supcrlattice n-GaAds/ p-GaAs.
1. Introduction

Recently, there have been considerable interest in the behaviour of low dimensional
systenn in particular. of two dimensional system., such as semiconductor superlattices.
quantum wells and doping superlattices. The confinement of electrons in low dimensional
systems considerably enhances the electron mobility and leads to their unusnal behaviours
under external stimuli.. Many papers have appeared dealing with these behaviours. for
examples: electron-phonon interaction and scattering rates,[1 - 3] de electrical conductivity
[4-5

semiconductor superlattices [6-7) and in quantim wells [8] have been investigated.

. The problems of absorption coefficient of a weak electromagnetic wave (ENMW) in

In this paper we study the high-frequency conductivity tensor and the absorption
coefficient of a weak EMW by free carriers confined in a doping superlattice in the cases of
the absence of a magnetic ficld and the presence of a magnetic field applied perpendienlar to
its barriers. The electron-optical phonon scattering mechanism is assuned to be dominant.
We shall assume that the weak EMW is plane-polarized and has high frequency in the
ranger w7 3 1 (7 is characteristic momentum relaxation time and w is the frequency of
the weak ENMW E(I) = E, cos(wt)).

It starts from Kubo's formula for the conductivity tensor [9):

b3 40

X
O (w) = lim / giet=oty 1 | Ju(t))dt, (1)
0

where J, is the y - component of the current density operator (p = x,y.z) and J, () is
the operator .J,, in Heisenberg picture J,(t) = exp(—iHt/h)J, exp(itHt/h. The quantity
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0 is infinitesimal and appears by the assumption of adiabatic interaction of an external
clectromagnetic wave, The time correlation function used in (1) is defined by the formula:

¥
(A, B) = / (2T Ae™*1 B\d A, (2)

S

where 1 = 1/kpT (kg is the Boltzmann constant, T is the temperature of system). the
symbol <+ = means the averaging of operators with Hamiltonian H of the systen.

In ref. 10. Mori pointed out that the Laplace’s transformation of the time cor-
relation function (2) could be represented in the form of an infinite continuned fraction.
One of advantages of this representation is that the function will converge faster than
representation i a power series.

Using Mori’s method in the second order approximation of interaction. we obtain
the following formula for the components of the conductivity tensor [7. 11, 12}

(71,,,(‘.&) - ali:]gn(-]u- ”l’-) X
g, D o |
x [0 = i(w+n)+ (i) (.1,,..1,,)‘/ et (U, J.), (U L)) | dt
’) JO .
(3)
with
hy = ([Ju (T o) 1, (4)

here (7, is the operator G in the interaction picture G,,,, = exp(—iHt/h)G exp(iHt/h):
A.B] = AB - BA: U is the energy of electron-phonon interaction. The averaging of
operators in eqs. (3) and (4) is implemented with non-interaction Hamiltonian Hy of the
clectron-phonon system.

The structure of doping superlattices also modifies the dispersion relation of optical
phonons. which leads to interface modes and confined modes [1]. However. the calculation
on electron scattering rates 2] which showed that for large thickness of the layer of doping
superlattices. the contribution from these two modes can be well approximated by calcula-
tions with bulk phonons. So in this paper, we will deal with bulk (3 dimensional) phonons
and consider a compensated doping superlattice with equal thickness d,, = d, = d, of
the n-doping and p-doping layer. equal an constant doping consentration n; = n4 in the
respective layers and zero thickness d; = 0 of the undoped layers.

2. The Absorption Coefficient in the Case of the Absence of a Magnetic Field

It is well known that the motion of an electron is confined in each layer of doping
superlattices and its energy spectrum is quantized into discrete levels. We assume that the
quantization direction is the 2 direction. The Hamiltonian of the electron-optical phonon
systemn in doping superlattices in the second quantization representation can be written
as:
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H = Hy+ U, (5)

Hiy = X e al ap  + Lm,b b, (G)

[F = L & L (TR A (7)
l“ (1] H

where i denotes quantization of the encrgy spectrum in the z direction (12 = 1.2,...). (k1 1)
and (A + ¢ .n") are clectron states before and after scattering, & (¢ ) is the in-plane
(. y) wave vector of electron (phonon): « and a, (h’;. and bz) are the creation and

annihilation operators of electron (phonon). respectively, ¢ = (¢, ¢. ): hwy is the energy of
optical phonon. The eleetron energy takes the simple form [13]:

o /2 0
i dmetnp | 1\ _ he N ‘
(l.' e :)—;!\ -+ h (W) (H -1 5 = 3,—”';\_1 + e E (h)

here i and e are the effective mass and charge of electron. respectively: nyy is a doping

-

concentration:
:3.1')?:

s 15 o constant. i the case of electron-optical phonon interaction it is

Cat? =V 2rethan(l +¢7) (' = a0 ) (9)

with V' is the normalization vohune: \ and y~ are the static and high-frequency dielectric
constant. respectively:

N
- L / Our (2 — bd)e'" ¢, (2 — €d)dz, (10)
g |

here ¢, (2) is the cigenfunction for a single potential well [16]: d = 2d, and N, is the
munber of period of doping superlattice.

The interaction of the system (5)-(7) with a weak EMW E(t) = E coswt is cter-
mined by Hamiltonian:

¢ (FuE)coswte™, 6= 40 (11
where 7, is the radins - vector of a — th electron:
Using the Kubo-Mori method. we obtain the following formula for the transverse
component of the high-trequency conductivity tensor o, (w):
Ore(w) =T [—iw + F(w)]™' (12)

with I'| = (J,.J,) and

s +0 \ h

F(»Ul) = _li"l ("') rll / f"wllﬁh-' [([.| ] [U J ]unl)dt (l';)
JO
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Knowing the high-frequency conductivity tensor. the absorption cocefficient can be
found by the common relation:
pp{w) = (47 /eN")Reo . (w) (14)
here N s the refraction index; ¢ is the light velocity.
Since the weak EMW has a high-frequency. using formulae (3)-(14). in the special
case (Nyd/oy) < 1 and q.d > 1:ay = h(ma)~'?, we obtain:

ir T';Gw)

splEy]) = - - 15
() cN* G¥Hw) + w? S
where
(,'.J.'
Y = ~l?r;3h'*")j(” L-"){f'.'s‘h{.'i(l) + cth(Ba) + 1], (16)
Gl =RelTu) = EF(w) + & fw), (17)
e’ Ml _ 1 1 1
(l't-u,' — M—l——( ilH _*1*" ,71 fu.-"(__' ‘/\,"._%._i,_
(w) L Fanr (X Xo M hw -
iz “}Vld‘.‘»‘z'll'-l F(z) ) ;“Vl(j 2“1"&
ok R ' (2 +1) )
of Npd\? y i :
g e 20RE) o= Ba(nt )40 |3 L1 KL (2802 ]) (18)
and
A = a(n' —n) = (hw % hwy), (19)

with Nz is the equilibriumn distribution of optical phonon; y is the chemical potential: ['(.r)
is the Gamma function; K(r) is the modified Bessel functions of the second kind. The
signs (4) in the superseript of the mass operator G*(w) and in the lower-script of the
function Ay correspond to the sign (&) in the Eqs. (18) and (19). The upper sign (+)
corresponds to a phonon absorption and the lower sign (-) to a phonon emission it the
absorption process.

From eqs.(12) and (15) we can easily see that G(w) plays the role of the well krown
mass operator of electron in the Born approximation in the case of the absence of a
magnetic field.

3. The Absorption Coefficient in the Case of the Presence of a Magnetic Field
We consider doping superlattices with a magnetic field B applied perpendicular to

its barriers (= direction). The Hamiltonian of the electron-optical phonon system in the
second quantization representation can be written as [1. 5, 13, 14}

H=Hy+U ’20)

Ho =Y ellalan+3 hwob} b (21)
ox N

{F == Z (';)Cn"vl(q: )C.\",.\'(”)u:an'(hi,q‘+ bq) 22)

oo g
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where N is the Landau level index (N = 0.1,2....):a = (N, n, k) and o' = (N'.n". k),
K .oo= k, + q, are the set of quantimn numbers characterizing electron’s states before
and after seattering: a7 and «, are the creation and annihilation operators of electron,
respectively. and ¢! is the energy of electron in doping superlattices in the presence of

magnetic field applied in 2 divection:

9 \ 1/2 \ ;
1 dme” 1 1
¢! (-\. A ) h§2 < I (-—(-Hﬁ n+=)=|N+ 4 hQ 4+an+ = (23)
2 me\y 2 2 2

C'yand O (go) are defined by eqs. (9) and (10). respectively. and Cy+ n(u) takes the

form

Y-
Cair pilm) = / Wi af.l.'; - n.'fq;, Yt =" W ar, — u;"fl"i 1dz, (24)
: ~

where s the position of electron and «, is the radius of the orbit in the (r,y) plane:
a? = chjeBiu = a?q® /2:W v(x) represents harmonic oscillator wave fuctions: 2 is the
cvclotron frequency (2 = el3/em).

The interaction of the system (20)-(22) with a weak EMW E(t) = E coswt is
determined by Hamiltonian (11)

When a magnetic field is present. for using Kubo-Mori method [7. 8. 12 instead of
J, and .1, we use operators J, and Jo with Jy = J, £ iJ,. The transverse components
of condnetivity tensor are defined by the formula:

d" ,‘(u,‘.SZ) = UUI,(W‘-SI) =

Il

b} 1l

Lo = .
lim -~ / ST T (8))dt +/ et T T (4))d
.‘“4 PEry :'vl) YA s (25)

Instead of Eqgs. (3)-(4). in the second order approximation of interaction we obtain:

/' et g T (t))dE =
)

& . -1
= {(J Ji) |8 = i(w - Q)+ (ii) (J-.J+)"‘/ elt=8t (iry F Y 18T Jomi)
' 40 (26)
/ gL ()dt =
JA() o ) ¥
= (e, I 1~ dlw + ) 4 (,i) (.I+,J_)"'/ et (U, J4), [U, J-Jine) dt]| .
- : 0 (27)

From Eqs. (20)-(27) we obtain the following expression for transverse components
of the high-frequency conductivity tensor:

Q) = Loy 1 (J-.Jy) (g ) _
Tealio Sl =0l 1) = 3 { -+ F ) e+ o) } - (28)
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with

N R o~
Fo () = lim (,i) (J .J.F)"‘/ et (U, J_ 1, [U, Ty )ine) dt. (29)
1

&40 Jo

) (Jo.J) '[ pheb =8t fer 7o) BT Jisae )t (30)

J0

> .

F, ()= lim (

S+

Knowing the high- frequency conductivity tensor, the absorption coethcient can be
found by eq. (14). The transverse components of the absorption coefficient of a weak
EMW in doping superlattices in the presence of a magnetic field take form:

T f o )Gl( ;. §2) (Jiod )Ga(w. Q)
rrlw, ) = — = -+- — 31
Trelw, §1) eN* I: ;( 2) + (w — Q)2 (u) Q) + (w + 2)2 S
where
Gi(w.f2) = ReF_,(§}) = G (w, ) + GT (w, 2), (32)
Am 2 QM hw ((""v”'“' - 1) L 3¢ he
Ol Q) = & ‘m 0/ -1 _ -1 — 432 +a)
1 ) 2r2h3 (x \o) hw (
| }i‘: Z Z BN an)
1=0 NN’ n.n’
X M 4 o2t ['(7) Nd\ ! . z(ll-li)x
(0 I'(2:+1) a3
1 |
x [N+ N'+1] (N,; + = % 5) 0(Ae — hw + hwy), (33)
Gy(w,f)) = ReF _(w )G;(w.!l) + Gy (w, ), (34)
\ etm?e QO hwg (e —1) _,
,-; w‘.SZ - | -1 7"‘5“”’”‘“') .
&3 ) = 2w2h3 X = Xo ) hw &
Z Z Z ~3(hQN 4+an) )\’
=0 NN’ nn'
y M+224+1 I'(7) Nid "Hl(,--z(%ﬁl’-)"X
(Y] F(Ql + 1) )
1 | 1
x [N* +(N'+1)} ( -4 5 T 5) (A€ — hw £ hwy). 35)
(] 7. =2 (\/5{)(22“ ,)-'n tJ (1 —9 -.‘H!SZ)F- -1;;‘3(’052((1)2(‘;\! 4 l)( -;1{'1!2:\'-0114)‘
. N 36)
(,]+_ I (\/(_5(’92(),,.}22”1"‘@”1' (e"jhgl N l)e— %,1(3’!!2 ta) Z(‘N ET 1)0 --,'ﬂhﬂ.’\ftun).
o N 37)
and

Ae = (N — NYKQ + a(n — n'), 38)
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with g is the chemical potential: 4() is the Dirac-Delta function: The sign (1) in the
supersceript of the mass operators G| (w. ) and G (w. ) corresponds to the sign () in
the Eqgs. 33) and (34). The upper sign (+) corresponds to a phonon absorption and the
lower sigi (<) to a phonon emission in the absorption process.

From eqs.(25) and (28) we can easily see that F__ (Q) and F, (22) play the role of
the well known mass operators of electron in the Born approximation in the case of the

presence of amagnetic field.
4. Numerical Calculation and Discussions

In order to clarify the different behaviour of quasi-two-dimensional clectron gas
confined in a doping superlattice with respect to bulk electron gas. in this section. we
numerically evalnate the analytic formmlac (14)-(19) and (31)-(39) for a specitic doping
superlattice n-GaAs/p-GaAs.  Characteristic parameters of GaAs laver of this doping
superlattice are y =10.9. \¢=12.9. np = 107em~*:d = 2d, = 2d, = 8nm.p =
0.0hmeVom* = 0.067m,,. hawy = 36.LmeV (my is the mass of free electron). The system is
assuned at room temperature (T=293"K).

4.1. In the case of absence of a magnetic ficld

Plotted in Fig. 1 is the operator G(w) as a function of w-the frequency of the
clectromagnetic wave and the numnber of period of doping superlattice Ny for the case of
n = 11:n" = 11. From this graph. we can see that the absorption spectrum of the operator
(/(w) to depend strongly on the number of period Ny in the region of values N; < 30 and
resonant regions of the absorption spectrum are from Ny = 5 to Ny = 20 on the munber
of period-axis. Another remark is that for all values w and 1 < Ny < 30. G(w) is different
and great in comparison with the bulk GaAs and the quantum well GaAs [8]. That is
because. the confinement of electrons in discrete levels and the influence of the doping
concentration leads to more collisions in the system. Consequently. the life-time of an
clectron is shorter. or in other words, G(w) is greater.
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Fig.1: The dependence of the operator T'(w)(s™!) on the w- frequency of EMW
and the number of period Ny in the case of n = 11;n" = 11.
Plotted in Fig.2 is the absorption coefficient a(w) as a function of w-the frequency
of the electromagnetic wave and the number of period N for the cases: n = 1l:n' = 11.
From this graph. we can see resonant regions in absorption spectra of the absorption
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cocfficient af{w). That

is different in comparison with that of normal semiconductors and
quantum wells.

s

The numbaer Of Dértisa woo Energy o EMW (meV)

Fig.2: The'dependence of the absorption coefficient of EMW (cimn™!)
on the w- frequency of EMW and the number of period N in the case of n = 11: 0" = 11.
4.2 In the case of presence of a magnetic field
Plotted in Fig.3 is the absorption coefficient of a weak EMW a(w.(2) as a function

of w - the frequency of a weak EMW with the condition (39). Based on the above-obtained
results we give thie following remarks:
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Fig.3: The influence of the magnetic field on the absorption
cocflicient of a weak EMW (cm ! ) in the doping superlattice n-GaAs/p- GaAs.
The graph is plotted for the case N=7T.N' =7.n=5,n"=5
The Dirac denta function in the expressions (33). (35) makes define the index of
Landau-sub-bands N’ which electrons can move to after absorption and the values of
()- the cyclotron frequency which can influent to the absorption process. They satisfy
condition
(N-NY+a(n-n') - hw £ hwy =0 (39)

We can see thiat the index N and the cyclotron frequency 2 depend on the frequency
of the EMW w. the limit frequency of optical phonon wy and characteristic parameters
of doping superlattices. And the dependence of the absorption coefficient afw, ) on the
frequency w with the condition (39) is not continuous. It is of line-form.
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n. Conclusion

In this paper, we have given out the analytic formulae for the transverse compo-
nents of absorption coetlicient of a weak electromagnetic wave by free carriers in doping
superlattices for the case of electron-optical phonon scattering mechanism in two cases:
the absence of a magnetic field (15)-(19) and the presence of a magnetic field applicd
perpendicular to its barriers (31)-(38). The numerical evaluation of these formulace for
a specifie doping superlattice (n-GaAs/p- GaAs) show that the confinement of electrons
i the doping superlattices not only leads to different dependence on the electromagnetic
wave frequency w and the temperature of system 7' in comparison with normal semicon-
dnetors and quantim wells hat also ereates many significant differences in the absorption
cocthcient.

In the case of the absence of a magnetic field. the resonant region on two side of main
resoniant peak in the absorption spectra of the operator Gw) at Ny = 15 (on the number
of 1 doping Iaver-axis) is obtained. The results show that the lifetime of an electron to be
stialler in comparison with semiconductor superllattices [7] and quantum wells [8].

In the case of the presence of a magnetic field applied perpendicular to the barriers.
the analytic expressions indicate a complicated. different dependence of the high-frequency
condnetivity tensor and the absorption coefficient on the characteristic parameters of dop-
ing superlattices. the frequency of a weak EMW w. the temperature of system 7' and
the eyelotron frequency €2 in comparison with normal semiconductors[15.16] and quantum
wells [S] in the presence of a magnetic field. The absorption spectra of a weak ENMW
i doping superllatices depends strongly on the condition (39) and the index of Landau
sub-band which electrons can move to after absorption is defined by this condition.
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TAP CHI KHOA HOC DHQGHN, Toan - Ly, t XVIII, n"1 - 2002

TINH TOAN HE SO HAP THU SONG PIEN TU YEU
BOI BIEN TU TU DO TRONG SIEU HANG PHA TAP
BANG PHUONG PHAP KUBO-MORI
Nguyen Vi Nhan, Nguyén Quang Bau
Khoa Ly, DH Khoa hoc T nhién, PHOQGHN

Tinh todn biéu thice giai tich cho tensor d6 din cao tin va hé s6 hap thu séng dién
tir (SDT) yéu bai dién tur tu do trong siéu mang pha tap véi co ché tan xa dién tr - phonon
quang trong hai truong hop:

- Khong ¢6 mat ur truong;

- C6 mat tr truong hudng vuong goc vai true siéu mang.

Thu nhan su phu thuoe khidc biét so véi ban din thong thuong cua tensor do dan
cao 1an va hé so hap thu séng dién wr (SDT) yéu vao tan s6 séng dién tir yéu (w. nhidt
do cua he¢ T. tan so cyclotron (khi ¢6 mat tir trudng) va cic tham s6 dic trung cho sicu
mang pha tap. Thuc hién tinh s6 cdc bicu thic giai tich thu duoc, vé do thi va ban bac
cac két qua cho truomg hop cu thé - ban dian phap tap n-GaAs/p-GaAs.



