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Intersubband absorption linewidth in GaAs quantum wells due to
scattering by interface roughness, phonons, alloy disorder, and impurities
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We calculate the intersubband absorption linewidiiy 2n quantum wellSQWSs) due to scattering

by interface roughness, LO phonons, LA phonons, alloy disorder, and ionized impurities, and
compare it with the transport energy broadenidg,2 2#4/r,, which corresponds to the transport
relaxation timer,, related to the electron mobility. Numerical calculations for GaAs QWs clarify

the different contributions of each individual scattering mechanism to the absorption linewigth 2
and transport broadeningld. Interface roughness scattering contributes about an order of
magnitude more to the linewidthI2, than to the transport broadeningl’@, because the
contribution from the intrasubband scattering in the first excited subband is much larger than that in
the ground subband. On the other hand, LO phonon scatté@ingom temperatuyeand ionized
impurity scattering contribute much less to the linewidifygthan to the transport broadening 2.

LA phonon scattering makes comparable contributions to the linewidth, 2nd transport
broadening 7';,, and so does alloy disorder scattering. The combination of these contributions with
significantly different characteristics makes the absolute values of the linewigiffa2d transport
broadening T, very different, and leads to the apparent lack of correlation between them when a
parameter, such as temperature or alloy composition, is changed. Our numerical calculations can
quantitatively explain the previously reported experimental results2003 American Institute of
Physics. [DOI: 10.1063/1.1535733

I. INTRODUCTION trasubband scattering in the first excited subband is much
larger than that in the ground subbandEven in wide GaAs
The intersubband absorption linewidth in semiconductoiQws, where interface roughness scattering should be less
quantum wells(QWs) closely relates to fundamental prob- effective, recent reports® showed that interface roughness
lems in the physics of optical transition, such as relaxation, scattering has a larger effect on linewidth than either
many-body effecté;’and disordef.® Furthermore, itis akey g|ectron—electron scattering or bulk impurity scattering.
factor in improving the performance of quantum cascade | the present article, we apply our theoretical method

H 7
laser§ and QW infrared photodetectofs. to scattering by LO phonons, LA phonons, alloy disorder,

_To Lnt:/es(';lgage the effel_cts odeﬁrlohus scstterlng procesdsef%md ionized impurities as well as interface roughness scatter-
Intersubband absorption linewidths have been measure ?ﬁg, in order to compare their respective contributions to in-

\éanpus tem}:t).eragtou.regsgzlkmdthds, r#:oy covvpoilrt]long,and it tersubband absorption linewidth and transport mobility. Nu-
oping posttions™ In s and other QWs. These resu S merical calculations for GaAs QWs confirm that the very

show that absorption Imewdth. has a weak dependence. 0I'?lgh sensitivity of linewidth to interface roughness scattering
temperature and alloy composition and apparently has little

. . 2 ; is the key to quantitatively explaining the previously re-
correlation with mobility. Its strong well-width dependence ytq y expiaining the p USY T

: LY . ported experimental results for linewidth in comparison with

suggests that the main contribution is from interface rough:

: mobility.
ness scattering. , .
In a previous lettet! we discussed the effect of interface The method presented here follows Ando’s theoiy,

roughness scattering on linewidth by comparing calculationéf\{hICh the intrasubband and intersubband energy-dependent

based on a microscopic theory by Afdand experimental single-particlé* relaxation rates for various scattering
data for modulation-doped GaAs/AlAs QWs with a well mechanisms are first calculated and then included in a for-
width of 80 A. The results made it clear that linewidth is mula for the tyvo-dimensiona(l_ZD) _dynamical conductivity
much more sensitive to interface roughness scattering thaﬁeozz(“’) to give the absorption line shape for photon fre-

transport mobility is, because the contribution from the in-AUeNCY®. This method is similar to a familiar method of
calculating transport mobility>8 It is important to note that

intersubband optical absorption is the collective excitation
dElectronic mail: unuma@issp.u-tokyo.ac.jp among a confined electron gas. However, our present calcu-

0021-8979/2003/93(3)/1586/12/$20.00 1586 © 2003 American Institute of Physics

Downloaded 07 Feb 2003 to 157.82.227.2. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 93, No. 3, 1 February 2003 Unuma et al. 1587

lation of single-particle relaxation rates and line shape isAndo!?° According to Ando’s theory, the absorption line
very important and useful, because the absorption line shaphape of single-particle excitation between the two lowest
Rea,(w) of collective excitation is given by the single- Subbands can be expressed as

particle dynamical conductivity-, () vial’

R —ezflof ™ HEf(E
'6_22((0): ‘Tizz(w) B eo,{w) Py 52 (E)
1+ —éokowdeﬁ T ) y AT o(E) @
in the crudest approximation. Here, is the vacuum permit- (hw—Eq0)2+ T o E)?’

tivity, «q is the static dielectric constant of the 2D material
andd. is the effective thickness of the 2D electron das.
The collective excitation effects, or many-body interac- Toi(E)= T e E) + Dined ), (3)
tion effects, on intersubband absorption linewidth have been
issues of recent interest in both theoretical and experimental ,
studies. In the limit of small band-nonparabolicity and con- Fintfa(E):zwg (I(Ok’[H4[0k)
stant single-particle relaxation rates, Nikonetval. theoreti-
cally showed that many-body effects only cause blueshifts in — (1K' [Hq|1K)[?) 8 & (k) = & (k") g= ek »
absorption spectréhe depolarization shiftand that the line- (4)
width is solely determined by the single-particle relaxation
rate®
In largely nonparabolic systems, the variation in energy
separation between the ground and first excited subbands
produces additional width in the single-particle excitation X 8[e(k)—e(k")+Eqlle=s( » 5
line shape Rer,(w). However, many-body effects lead 10 g ig the elementary chargs,is the reduced Planck constant,
redistribution of oscillator strength and collective excitation .« is the electron effective mass,, is the oscillator
that has a sharp resonance. Ai a result, the linewidth of th&rength,Em (=E,—E,) is the intersubband energy separa-
collective excitation spectrum Re {w) is significantly dif-  tjon, f(E) is the Fermi distribution function at temperatre
ferent from that of the single-particle excitation spectrum|nk) is the state vector of the electron with subband index
Reo,{w).>*%* Furthermore, nonparabolicity causes diffi- and wave vectork, E, is the quantization energy; (k)
culties in calculating single-particle relaxation rates and=g2k2/2m* H, is the scattering potential, and - -) de-
Reo,{w) by Ando's formalisnt® Experiments to elucidate notes the average over distribution of scatterers. This theory
these effects were performed by Warburetnal. on InAs/  assumes a parabolic conduction band, or a constant effective
AlSb Qws? mass for different subbands; a modification for slightly non-
In the more popular systems of GaAs/AlGaAs andparaholic systems like GaAs QWs will be described in a later
InGaAs/InAlAs QWs, however, our present calculation, paragraph. In this article we denote the full width at half
which assumes small nonparabolicity, is applicable. The purmaximum of the spectrum given by E@) as X',.

poses of this article ar€l) to calculate intrasubband and Note, on the other hand, that the transport relaxation
intersubband single-particle relaxation rates for relevant scatime r7,(E), or the transport relaxation rate I'(E)

tering mechanisms as functions of in-plane kinetic energy=2#/7, (E) can be expressed'ds
assuming small nonparabolicity af2) to quantitatively ex-

plain previously reported experimental data on linewidth and

mobility in GaAs-based QWSs, which appeared to have little 7 (E)
correlation.

In the next section, we summarize how linewidth and X (1~cost)[e-(q (6)
mobility are related to single-particle relaxation rates, andynereq is the angle betweek andk’. The mobility is given
calculate the single-particle relaxation rates for various scatby w=er,/m* with an average relaxation time6f6
tering mechanisms as functions of the kinetic endggit is
shown that linewidth and mobility have very different sensi- af(E) df(E)
tivities to the same scattering mechanism. In Sec. lll, previ- Ttr:J dETtr(E)E—O?E / J’ dEE—&E .

ously reported experimental data for various temperatures o ) ) )
well widths, alloy compositions, and doping positions areTO enable quantitative comparison between the linewidth

quantitatively explained by numerical calculations. 2Igp and mobility 4, we define the transport energy broad-

ening as T,=2#i/r,=2he/m*u.t! In particular, low-

Il. FORMULATION OF THE PROBLEM temperature transport broadening is given byl’,2

=2I'y(Ep)=2%/1,(Eg), whereEg is the 2D Fermi energy.
There are two relevant many-body effects: static and dy-

namic screening. The former screens the potentials of elastic
A general theory of intersubband absorption linewidthscatterers while the latter induces collective charge-density

due to elastic scatterers in 2D systems was formulated bgxcitation because of the incident optoelectric field.

"when all electrons are initially in the ground subband. Here,

Tined E) =272, {|(0k'[H4|1k)[?)
k/

=4m >, (|(0k'[H4|0Kk)|2) o[ e(k)—e(k')]
k!

()

A. General theory of intersubband absorption
lineshape and transport mobility in quantum wells
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The static screening effect can be included by replacingABLE I. Material constants of GaAs.
the scattering matrix elementnk’|H,|nk) with®

Band gap of AlGa, _,As (x<0.45) at 0 K (1.519-1.24%%) eV
F(OO)(mn)(q) Band gap of AlAs gt 0 K. ' ' 3.113 eV
(mk’|H4|nk)+ (0k’|H4|0k) - . Conduction-band discontinuity ratio ~0.65
€(a,T) "] Froooo(q) for GaAs/AIGaAs
(8) Static dielectric constant kp=12.91
Here,q=k—k’, €(q,T) is the static dielectric functiotp16  Optical dielectric constant K»=10.92
. . LO phonon energy hw o=36.5meV
a‘ndF(kl)(mﬁ)(q) is a form factor defined Hy Deformation potential constant D=13.5eV
= (q) Longitudinal elastic constant c;=1.44x 10" N/m?
(ky(mn)d Spin-orbit splitting 0.341eV
Kane energy 22.7eV

= f dz f dZ {(2) L(2) L2 (2 e 9277, 9)

The z axis is set along the growth direction of samples, and hema* is the el Hocti inth
{n(2) is the wave function for theth subband electron mo- temperatures, wher, Is the electron effective mass in the

tion in thez direction, which is chosen to be real. The screen supband. In this case, we can use the present ghtggry by
: . P, : replacingE, in Eq. (2) with E;(0)—(1—m#/m¥)E,*
ing correction only results in dividing ¢J|H,|0k) in Eq. 3 10 10 0l /= .
(4) by the factor which has a much larger influence on absorption line-
width than other corrections. Her&,4(0) represents the
1 1 1 Fooyanf(@ | 1o Intersubband energy separation lat-0. For consistency,
€a,T) le@T " |Foooo(@] (10 respectives functions appearing with the squares of scatter-
, _ , _ ing matrix elements |(0k’|H{|0k)|2, |(1k'|H4|1K)|?,
and (0( |H1|0k) |n- Eq (6) by G(q,T) |n this art|C!e we (Ok’|H1|Ok)(lk,|Hl|1k)|, and|(0k/|Hl|1k)|2 in Eq5(4)
pnly treat symmetrlc_al QWs SO _there is no screening fgcto nd (5) should be replaced by eq(k)—eo(k’)],
in Eg. (5). €(q,T) significantly increases mobility, while Nea(K) e (k) ], Holeo(k) (K')]+ 8l e1(K) K]}
S(q,T) hardly affects absorption linewidth becauSgy, T el B el )] 219L€01%) €0 e13e) 81 '
(9.T) hardly prion finewt SELT)  anddle (k) — eo(k')], wheree(K) = E,+ h2k2/2m: . Val-

~1.
* H .

The dynamic screening effect is counted as a depolariza©S Of_mn obtame_d from the Kane model are used in our
numerical calculations.

.tlon field, and 'the absorption I.|ne sh.ape': ‘Rﬁ(w) of the In most cases of GaAs QWs examined later in this ar-
induced collective charge-density excitation is given by _ o = )
ticle, the depolarization shiff,,— E;g and the nonparabolic-

o ) ity effect (1—mg/m7)Eg are small compared withlZ,,(0),

S(Ol.T)=[

7 0)= (1D 5o the absorption linewidth is estimated directly from
Re in Eq. (2).
with the dynamical dielectric function of oA ) a2
B. Scattering mechanisms
e w)=1+ —dazz(w). (12
€oKoWUeft Here we calculate and compard’(E) and Z'(E)
The resonance enerd;, of Rea,{w) is blueshifted from due to scattering by interface roughnés&R), LO phonons,
the original resonance ener@, of Rea,{w), and LA phonons, alloy disorde(AD), and ionized impurities
B (ION). Furthermore, numerical calculations of each indi-
Eio= \/E107+(hwp)7 (13)  vidual scattering mechanism are performed for modulation-
. doped GaAgor InGaAs/AlAs QWs. In actual samples, sev-
with the plasma frequency of . : - .
eral scattering mechanisms coexist; the total scattering rate
f,oNee? can be obtained as the sum of their rates. Namely,
=\/— 14
0™V g deg B9 T B =T + TEO(E) + T4 () + TGO (E)
The blueshiftE 1~ Eqo~ ( wp)?/(2E4o) s called the depo- +IEVE) +- -, (16)
larization shift. Th(_e linewidth pf Rezz(w) is the same as Ftr(E):rgJFR)(E)+1—~§rLO)(E)+F§[LA)(E)+1—~§rAD)(E)
that of Reo,{w) if 2T'o(E) is independent of enerdy,
though they are different in general. When the depolarization +T{OVE)+. ... 17)
shift is sufficiently small, or . . . .
For simplicity, we perform numerical calculations in
Eo— E10<2T (0, (15  single QWs with a finite barrier height of, where band
_ _ _ bending due to doping is neglected. The origin of #exis
o, w) is approximately equal to,(w). is set at the center of the QWs. Material constants of GaAs

Although Eqgs.(2)—(5) were derived assuming parabolic used in calculations are shown in Table I.
bands, we may apply them to slightly nonparabolic systems )
in which the additional width due to nonparabolicity is small 1- /ntérface roughness scattering
compared with the width due to scattering mechanisms. The In GaAs/AlGaAs QWSs, dominant monolayéviL ) fluc-
condition is expressed as (—]mglm’l*)EF<2Fop(0) at low tuations are formed at the GaAs-on-AlGaAs interfééé

Downloaded 07 Feb 2003 to 157.82.227.2. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 93, No. 3, 1 February 2003 Unuma et al. 1589

GaAs surface covered by GaAsVe assume that the rough-

-
o

T T

: ! o — S L Er IFR, GaAs/AlAs QW ]
ggrsrselzt(_aé%h?r(lg)t_oitk_ﬂt?e in-plane positiomr=(x,y) has a g s 2T s(E) L=80A T=0K ]
fon Tunct o [ O Ng=5x10"em? ]
"2 € 6f R A=3A A=50A ]
5 Ir—r’| § O Tow(®) +2 7]
(A(NA(r"))=A%exp — , (18 g | ~.
A? g Y E
o 3
whereA is the mean height of roughness andis the cor- S L Tinte(E) 2IWE) ]
relation length. The scattering matrix element is given by 'g 2r ! ]
w pocloaremcescecalomcaraa- asegezrozeFo-a-aod
. 0 PRI N T Lo o 0 0 000 P n
(mk’|H1|nk)=f eranA(r) elar (19) 0 10 20 30 40 50
In-plane Kinetic Energy (meV)
with
FIG. 1. 2" ((E), TingE), Tined E), and 2"(E) due to interface rough-
Fmn=Vo {m(—L/2) {n(—L12), (20 ness scattering, plotted as functions of the in-plane kinetic eriergy

whereL is the well width and;,(—L/2) is the wave function
at the GaAs-on-AlGaAs interface. Because interface roughyg rates. Finally, and most importantly, they include differ-
ness is equivalent to local fluctuations in well widky,, in ent factors[Foo/S(q,T)— F11]? Foi2, and Fol. S(q,T)
Eq. (20) can also be expressed as can be neglected becauS@, T)~ 1. As is shown belowE ;;
Frn=(IE/dL)(JE,/dL). (21)  is much larger tharfFqo, becauseE; is more sensitive td
than Eq. (In the infinite-barrier approximatiorf; 1, is four

In the case of t_he infinite-ba_rrier approximation, B20) can  {imes larger tharFqg.) As a result]’(E) is much larger
be expressed in an alternative fornts than 2, (E).

72 d¢(2) diy(2) Figure 1 shows P(E), T'inya(E), TinedE), and
= , (22 2I'(E) in a modulation-doped GaAs/AlAs QW with

mn

am* dz  dz |__ ., =80A, A=3 A, andA=50A. These values of andA are
which is found to be proportional to~2. typical for the GaAs-on-AlAs interfack:?%2* Temperature
Substituting Eq(19) into Egs.(4) and (5), we get was set aT =0 K, and sheet electron concentration was cho-
sen to beNg=5x10""cm 2, which gives Fermi energy of
PR ) = m*AzAszda[ Foo F r —q?A%a Er=17.8 meV. The same values bfandNg are also used
ntra %2 o |S(gT) ’ for calculations of other scattering mechanisms in Sec. II.
(23) In Fig. 1,T;wa(E) decreases &8 increases, and it has a
maximum value of 8.3meV aE=0meV. I';;(E) is al-
[ UFR) ) = m* AZA2 F wad pe- TN (24) most constant with respect & and its value of 0.6 meV is
inter 22 o1, : much smaller than that df ,,(E). The values of Z(E)

] are 0 meV atE=0 meV owing to the screening effect, and
where the absolute values of the 2D scattering ved@sd g meV atE= Er, which determines the low-temperature

q are given by* transport broadening. As a resultl' 2(E), the sum of
92=2k2(1— cos#), (25) gir”"?(;) and I'je(E), is found to be much larger than
tr .

*Eqp *Eqp Figure 2 shows P, and 'y, as functions of correlation

~ 2m 2m
q°=2k*+ Py —2k\/ K>+ 2 cosf.  (26) lengthA; they are calculated respectively from E¢®). and

On the other hand, we can express the transport relax-
ation time 7"(E),%® or the transport relaxation rate
2 {"R(E) =21/ 7{"V(E) as

100

E IFR, GaAs/AlAs QW

F L=80A, Ng=5Xx 10" cm? ]
| T=0K, A=3A ]
E_/ §

10
2m* A%A? m 1-c0SO 5.
2I‘§r|FR)(E): —ZFOOZJ’ —Ze*q A /4’ 21"09 -
h 0 E(q,T) s ,,/" [ S, e
(27 « 2l op para - N

- ~
-
- 4

which is similar to Eqs(23) and (24).
It is useful here to comment on the similarities and dif-
ferences in the equations foF«(E), T'inedE), and

o
-—

;///21—‘" 3

Energy Broadening (meV)

0.01 T -

2I',(E). First, all three are proportional th?, and also to 10 20 30 50 70 ‘100
A? for small A. Second, I'(E) is much smaller Correlation Length A (A)

than T',.(E), becauseq is smaller thangq. Third, o
FIG. 2. Intersubband absorption linewidti'g, and the transport energy

— 2 i i _
(1—cos6)/e(q,T)" appearing in Z'(E) shows that the for broadening Z', due to interface roughness scattering, plotted as functions

ward SC'attering €~0) does n(_)t contribute to transport of the correlation lengtih. The 2, paalepresents the absorption linewidth
broadening, and that the screening effect reduces the scatt@iithout the additional width due to band-nonparabolicity.
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Since LO phonon scattering is an inelastic process, Ejs.
and (5) are not applicable in their original forms. However,
by modifying theé functions in Eqs(4) and(5):

ole(k)—e(k’)]—dle(k)—e(k") *hiw o], (33

ole(k)—e(k')+Ejq]—dle(k)—e(k")+Eprfiw o],
(34

(6) in a modulation-doped GaAs/AlAs QW with=80A,
Ng=5x10"cm 2, T=0K, and A=3 A. 2T, sara repre-
sents the linewidth calculated without changifg, into
E1o(0)— (1—m§/m7)E in Eq. (2).

In Fig. 2, 2I'y, paraand 'y, are both proportional toh 2
for small A with the difference in absolute values being
about one order of magnitude. With nonparabolicity; ¢

has a lower limit of (:-mg/my)Er=1.35meV in addition g ;ch that total energy is conserved, we can estimate width of
10 2l gp parz FOT largeA, the insensitivity of 2y to forward  {he zero-phonon band in an approximation that neglects pho-
scattering causes its value to be smaller. This shows that th&,, sidebands. Heret indicates phonon absorptiont(
correlation length ofA~1/kg contributes most to Py, and emission €). Thus, we have
wherekg is the Fermi wave number. In principle, values of

m* ezwLo 1 1 ™

—_— de

0

(Niot1)

the roughness parametefsand A can be uniquely deter- <4
Adregh
@(E—ﬁwLo)q—

o R eSS " {9 E)=
mined if linewidth and mobility are both measured at low
e

intra Ko Ko

temperatures.

As shown earlier, the main characteristic of interface
roughness scattering is its order-of-magnitude different con-
tributions to linewidth and transport broadenitand hence,
to mobility). This is the key point for understanding the ap-
parent lack of correlation between them.

X

[ F (00)(00f de)

—2F (00y(11(9e) T F(11)(12)(9e) ]

(NLo)
+ —qL [ F (00)(00f( da) — 2F (00) (12 da)
a

2. LO phonon scattering + F(u)(n)(Qa)]] , (35

In considering phonon scattering processes, it should be
noted that phonons have approximately three-dimensional
(3D) properties, since they are hardly confined to QWSs. The
z-component momentum conservation in 3D systems re-
quires the scattering matrix element of 2D electrons to be
calculated frorf®

rLOE)=

inter

m* ez(,()Lo 1 1
47T60fL Pe Ko

[Fas
0

N ~+1
®(E+Elo_ﬁwLo)—< Lot 1)
q

e

K Ko

X F (o1)(10(Te)

(Nro) ~
+ 3 F(01)(10(da)

a

|M2D|2=q2 M3l (9,)]2. (28)

, (36)

Here, M,p and M5y are the 2D and 3D scattering matrix

elements, respectively, anda,) is given by where® (E) is the Heaviside step function. Absolute values

of scattering vectors are given by

I(qz)zlmn(qz):f dz§m(z)§n(z) eiqzz_ (29) q2:2k2_ 2m* wLO_2k K2— Zm*wLOCOSH (37)
e ﬁ ﬁ )
Since the method of calculating the 3D scattering matrix
element is well established, the 2D scattering matrix element 9 L2 2m* w g 2 2m* w o
can be easily obtained. Ga = 2k"+ ———— —2k\[k"+ ————cosd, (38)
In polar optical phonon scattering, or simply LO phonon
scattering, the 3D scattering matrix element is givefP by G2 2K+ 2m* Ewo 2m* w o
e 2 h
L hoo(Notl)[ 1 1 h
(IM3p|*) = 2 — (30)
260Q Ko Ko 2 Zm* ElO 2m*0)|_o
—2k\/k+ 2 h cos0, (39
for phonon emission processes, and by f
ezﬁwLoNLC)( 1 1 ) ~ 2m* ElO 2m*(1)|_o
Map|d) = ———m—— | — — — 31 2_op24
([M3p|*) 26,07 ke Ko (31) a P 7
for phonon absorption. processes. Hee,is _the a}bsolut_e , 2M*E;, 2Mm* oL
value of the 3D scattering vectat,, is the optical dielectric —2k\ [ k“+ 2 + 7 c0s0, (40

constant,w o is the LO phonon frequency, and, o is the
LO phonon occupation given by

and the subscripts “e” and “a” represent emission and ab-
sorption of LO phonons, respectively.

1

eh’“’LO IkgT _ 1 ' (32)

Nio=

On the other hand, the transport relaxation rate can be
expressed as
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1.0~ T T 7 2I'y(E) due to LO phonon scattering dt=300K. First,
r GaAS/AIAS QW ] Tia(E) is much smaller than 2,(E), because the differ-
* 08 \ L=80A ence in intrasubband scattering matrix elements for the two
g 06:- A F cor00(@) _ subband is small in LO phonon scattering as already shown
8 08 \‘\ (00)(00) Fone(@) ] in !:ig. 3. Second['jeE) is much smaller than 2,(E)
E 04f N Frooin(@) ] owing to the small form factor 0~F(01)(10)(q) and the large
S [ ~ S, ] absolute value of scattering vectpr Third, when the kinetic
0.2} F(on('_"_)(f‘!). _______ ‘\41’:-: —] energy E is larger than the LO phonon energy & ¢
LT T e Rt =36.5meV, intrasubband LO phonon emission is allowed,
L o o ST ] which makes Z(E) and I'j,,o(E) larger. As a result,
0.00 0. 04 008 0. 12 2I" o(E) is much smaller than2,(E) at room temperature.
Scattering Vector q (A”) When systems are cooled down to 0 K, only intersub-

FIG. 3. Dependence of the form factor eoyo0(): Fioonis(a). band LO phonon spontaneous emission is allowe.d in the case
Fanau(a). andF10(d) on the absolute value of the two-dimensional of Eip>E o. Therefore,I'i,o(E) and 2"(E) vanish, and

scattering vecto. only I'iie{ E) has a finite value of about 1 meV.
m*e’w o 1 1 1 w .
(LO)Ey=_ — O =~} = J 3. LA phonon scattering
2T (B) 2meoh \ ke Ko) 1-f de

Acoustic phonon scattering via deformation potential
coupling, or simply LA phonon scattering, is virtually elastic.

X1 O(E-fiwo)[1-f(E-fwo)] The 3D scattering matrix element is given’by

(Nio+1) _ kgTD?
X Foooofdo) 1= f(E+hwro)] (Msol*) = =5 (42
< Lo) for both LA phonon emission and absorption processes,

F(OO)(OO)(qa)) (41)  whereD is the deformation potential constant aqdis the
longitudinal elastic constant. Note that Eg2) is indepen-

in the apprOX|mat|on that neglects the “in-scattering terth.” gent of the scattering vector as a result of the linear disper-

Since LO phonon frequency is high, the screening effect cagjon relation of LA phonons. Therefore, we have

be neglected.

The four form factors F(oo)_(oo)(q), F 00)11(), N _m* kBTD2 §o )2_ 2
F1(d), and Fo1y10(d) appearing in Eqgs(35), (36), inira (E) 459,71 L(2)°
and (41) are plotted as functions of] in Fig. 3. First, (43)

F(00)00(a): Fooya1(a), and F(11y11(q) are very close,

which  makes F o0)(00f(d) = 2F (00)11(d) + F(11y(12(Q) in (LA) m* kg ™ )
Tinra(E) much smaller thai g)(00(d) in 2I'«(E). In other Uinter (E) = TI dﬁf d7{0(2)51(2)]°. (44
words, the difference in intrasubband scattering matrix ele- mheC 0

ments for the two subbands is small in LO phonon scatteringp(LA)(E) is independent of the kinetic energl, and

Second, Fo1)(10(@) N TineE) is much smaller than T L (E)is also almost independent of it becauSgy, T)

intra

F (00)(00( Q) ~1.
Figure 4 shows Boy(E), T'inya(E), Tined E), and On the other hand, the transport relaxation rate is given
by15,25
o~ L L A A A LN L BN B St * 2
= 14T LO, GaAsiAlAs QW y gr(LA>(E):2m kaD Tf Fal COS&J dzf
E 12[ L=80AT=300K [ HE) ] i wh?c, Jo  e(q,T)?
2 jol Ns=5x10"cm | ] (45)
F i

é 8- | : which has an energy dependence due to the screening effect.
g gL Tinwa(E)  Tiner(E) ! ] Note here that the-integrals of /4(2)*, ,(2)* and
o AL TF---L_ | ] [£0(2)¢1(2)]? have comparable values (&2 3/2L, and
5 T T == 2T (E) - 1/L, respectively, in the infinite-barrier approximatjothus
= 2l op( ) |
E g S I/?__ Iinwa(E) and I'ipe{E) are nearly equal, andI2(E), the

V] sl ol i R A I sum of them, is comparable with'3(E).

0 10 20 30 40 50

-~ Figure 5 shows P(E), T'inya(E), TinedE), and
In-plane Kinetic Energy (meV) 2I'((E) at T=300K. I'jyo(E) andTje(E) have almost the
FIG. 4. 2'o(E), T'nua(E): el ), and Z'(E) due to LO phonon scat- same constant values of about 0.5 meV.,fE) vanishes at

tering, plotted as functions of the in-plane kinetic eneByLO phonon ~E=0 meV owing to the screening ?ﬁeCti and approaches a
energy ish w o=>36.5meV. constant value of about 1.5 meV Bsncreases.
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FIG. 5. ' o(E), ['inga(E)s Tineed E), and A" (E) due to LA phonon scat-

tering, plotted as functions of the in-plane kinetic enekgy

4. Alloy disorder scattering

When there are alloy layers composed @BA ,C, such

Unuma et al.

—~ 06

% AD, Ing1Ga, gAs/AlAs QW
£ 05f L=80A,T1=10K2-
= Ns=5x10"cm"
2 o4k 2Tw(E) s ]
5 -

§ 0.3  2IWE) i~ ~ .
5 0.2 Foz 32 .r{.r.: ST ST e T L TS ﬂl-s\iz:"?(fz.-t.-.?.':
3 Tinter(E)

2 04 -/ ' 1
c

Luo.o... .E.FI....I....I....

0 10 20 30 40 50
In-plane Kinetic Energy (meV)

FIG. 6. ' E), [inga(E)s Tined E), and A'y(E) due to alloy disorder
scattering, plotted as functions of the in-plane kinetic en&tgy

Egs. (23), (24), and (27), one can recognize that the alloy
disorder scattering of Eq$47)—(49) is expressed as the sum
of the “roughness scattering” rates due to the alloy layer at

as ALGa _,As and InGa _,As, electrons are scattered by positionz.
conduction band disorder. The scattering matrix element due Note here that';,(E), Tyl E), and Z',(E) for alloy

to alloy disorder is given B+

a3(SE.)?x(1—x)
4

(I(mk’[H4[nk)[?) =

Xf dZ {m(2)¢n(2)1%,
alloy

wherea is the lattice constant andE. is the difference in
conduction band minima of crystals AC and B&IAs and

(46)

GaAs in the case of AGa,_,As). Note that Eq.(46) is
independent of the scattering vector owing to the short-ranggy it 0 57 meV ag increases.

nature of the scatterers. Therefore, we have

m* a3(SE.)°x(1—X) (=
D) ()= ( C)Z ( )J daf dz
Th 0 alloy

2
X[ {o(2)

2

_51(2)2

S(q,T)
m*a3(5E.)%x(1—x)

wh?

red(E)=

m 2
xJ;daJ;degaazﬂzn.

I'ie{E) is independent ok, and I';,,4(E) is also almost

(47)

(48)

disorder scattering are similar in form to those for LA pho-
non scattering; thusI2,(E) is comparable with 2(E), as
in LA phonon scattering.

Figure 6 shows B(E), T'inya(E), TinedE), and
2I'(E) in Ing 1Ga&y AS/AIAS QWs (x=0.1) atT=0 K. We
set the lattice constant and conduction band offset to ap-
proximately a=5.66 A and SEc=700meV, respectively.
INinwa(E) andlye(E) have almost the same constant values
of about 0.2meV. P (E) vanishes aE=0 meV owing to
the screening effect, and approaches a constant value of

5. lonized impurity scattering

When dopant donors of Si are ionized, electrons sup-
plied to QWs suffer from scattering by the Coulomb poten-
tial of the donors. The scattering matrix element due to an
ionized impurity at positiorZ is given by

2

(mk’|Hq|nk)=

-qz-Z2|
ZEOKOqJ'dzgnmz>zAz>e . (50

Therefore, we have

( y m*e4 -
T {oN(E)= —f dZN(zZ f de
mtra( ) l 602 Ozﬁz ( ) 0

independent of it becaus#{q,T)~1. 1 Zo(2)? 2
On the other hand, the transport relaxation rate is given XK_J' dz —41(2)? e‘”zz] ,
by?27 q S(q,T)
(51

_2m*a’(SEc)*x(1—-x)

wh?

Xfﬂ'del—cosef d g( )4
T Z Z)",
0 6(C],T)2 alloy 0

2I' P2 (E)

which has an energy dependence due to the screening effect.
Since alloy disorder scattering is due &, it can be

(49

m* e* ™
TN (g =—f dZN(z f de
mer (E) Ameg’igh? (2) 0

2
X ij dzo(2)¢4(2) eﬁzzll : (52
q

whereN(Z) is the 3D impurity concentration at positich

regarded as a kind of roughness scattering. If one substiFhe transport relaxation rate, on the other hand, is given

tutes Vo= 6Ec, A2=a?x(1—x)/4, and A?=a?/27 into

by15,16
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FIG. 7. 2'of(E), T E), Tiniel E), and A',(E) due to ionized impurity FIG. 8. Intersubband absorption spectrum observed at 4.5 K in a GaAs/AlAs
(ION) scattering, plotted as functions of the in-plane kinetic enégy single QW. The linewidth P,, was 11.1meV and the transport energy
broadening ¥, was 1.2 meV, which was calculated from the mobilityof
2.9x10* iV s.
(10N) *et = 1—cosf
2N {OV(E)= dzNZ) | "do———r . . o
2meg’Kkgh? o g%(q,T)? scattering, and LA phonon scattering. The contribution of

) alloy disorder scattering was absent because the GaAs QW
> { f dzgo(Z)Ze—q\z—Z| _ (53) had AlAs barriers, and the influence of ionized impurity scat-
tering was sufficiently reduced by the spacer layers.

Figure 7 shows BofE), Tiya(E), Tined E), and The calculated results for the linewidth'g, versus tem-
2T,(E) in a 5-doped GaAs/AlAs QW with 60 A spacer lay- Perature are also shown in Fig. 9 by dash#eR), dash-
ers (Z: 100 A) atT=0 K. First, Fintra(E) is much smaller dOtted(lFR+ LO), and SOlld(lFR+LO+LA) curves, in com-
than Z',(E), because the difference in intrasubband scatterParison with the transport broadeningj2. Additional width
ing matrix elements for the two subbands is small in ionizeddue to nonparabolicity is already included in these three
impurity scattering. Second;;e(E) is much smaller than curves, making small corrections compared with the contri-
Zrtr( E) Owing to the |arge absolute value of Scattering Vec-bution of interface roughness Scattering, as seen in Flg 2. At

tor g. As a result, T',(E) is much smaller than R, (E). low temperatu.res,'interface roughness scattering contribqtes
10.4meV to linewidth, and LO-phonon spontaneous emis-
1. COMPARISON WITH EXPERIMENTAL RESULTS sion contributes 0.7 meV. Phonon scattering processes be-

come more active as temperature rises, and LO and LA pho-
In this section, the absorption linewidti’g, and trans-  non scattering contribute 1.8 and 0.7 meV, respectively, to

port energy broadeningl2, are calculated for some GaAs linewidth at room temperature. These calculated results are
(or InGaAg/AlAs (or AlGaAs) QWs as functions of tem- in good agreement with the experimental data shown by
perature, well width, alloy composition, and donor dopingsolid circles. Note that the increase in dashed (If®) with
position. These results are compared with previously reincreasing temperature is due to the nonparabolicity effect;
ported experimental data. the contribution of interface roughness scattering itself
slightly decreases with increasing temperature, as expected
from the energy dependence in Fig. 1.
Experimental measurements of the temperature depen- For the transport broadeningl', interface roughness

dence of absorption linewidth are expected to clarify the efscattering makes a dominant contribution of 0.73 meV at low
fects of phonon scattering. We previously reported absorp-

tion linewidths in comparison with transport mobilities in a

modulation-doped GaAs/AlAs single QW with a well width

of L=80A and a sheet electron concentrationNo§=9.8

x 10" cm™2, at temperatures ranging from 4.5 to 306K.

The absorption spectrum observed at 4.5K is shown in Fig.

8. The low-temperature linewidthl2,, was 11.1 meV and

the low-temperature transport broadening,2 2xie/mg u

was 1.2 meV, which was calculated from the mobilityof

2.9x 10% cn?/V s. Note that linewidth was one order of mag-

nitude larger than transport broadening at low temperatures.

The temperature dependences of linewidth and transport 0 100 20 300

broadening are plotted in Fig. 9 by solid and open circles, Temperature (K)

respectively. ) o
We performed the corresponding calculations of Iine-;i,i g'nJfggg;::’znifgj”bdrf)ggznci’;g:;(';;teniﬁi’lﬁ?”:)f""acsifcrf’e“sogh"o'ﬁw'dth

width and transpprt b_roadening by considering interfaCeexperimental values, and lines show numerical results calculated by consid-
roughness scattering with=4 A andA =43 A, LO phonon ering interface roughness, LO phonon, and LA phonon scattering.

A. Temperature dependence

GaAs/AlAs QW (L =80 A, Ng=9.8x 10" cm? )

------ IFR(A=4A A=43A) 1

15f =+~ IFR+LO, —— IFR+LO+LA .
[ 2T -

10F

N

o«
Mobility (10° cm?Vs)

Energy Broadening (meV)
833

o [¢4]
T
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FIG. 10. Well-width dependence of intersubband absorption linewidth, cal- ) .
culated at 0 K by considering interface roughness and LO phonon scatteEIG' 11. Well-width dependence of transport energy broadening, calculated

ing. Solid circles show experimental results measured at low temperature L 0 K by considering interface roughness scattering. Open circles show
by Campmaret al. (see Ref. 9 experimental results measured at low temperatures by Cametren(see

Ref. 9.

temperatures, which nearly explains the experimental valu#g contributes much more to linewidth than LO phonon
of 1.2meV. As already pointed out in Sec. Il, this value of scattering does, which will lead to a much stronger well-
0.73meV is an order of magnitude smaller than the contriwidth dependence of linewidth.
bution of 10.4meV to linewidth. In the temperature range ~ On the other hand, the well-width dependence of low-
above 80K, the contribution of LO phonon scattering totemperature transport broadening is shown in Fig. 11. The
transport broadening rapidly increases as temperature rise§ansport broadening considered here is determined only by
and reaches a dominant value of 9.3 meV at 300K, as is weinterface roughness scattering, because intrasubband LO-
known. Such an effect of LO phonon scattering on transporphonon emission and absorption are impossible at low tem-
broadening is very different from that on linewidth. The con- peraturesFo’=(9Eq/dL)* in Eq. (27) is proportional to
tribution of LA phonon scattering to transport broadening isL ~° in the infinite-barrier approximation, and this leads to a
1.2 meV, which is comparable with that to linewidth. strong well-width dependence of transport broadening even
As a result, linewidth and transport broadening havein finite-barrier QWSs. The calculated curve explains the ex-
very different dependences on temperature. Similar behavidierimental results plotted by open cirdlegry well.
of linewidth versus temperature was also reported for
GaAs/ Al Ga, -As QWs by Allmenet al® C. Alloy composition dependence

Experimental measurements of the alloy composition de-
pendence of linewidth are expected to show the effects of
alloy disorder scattering. Campmaet al. reported low-

Interface roughness scattering is expected to give altemperature linewidths and mobilities in modulation-doped
sorption linewidth considerably strong well-width depen- In,Ga, _,As/Aly :Ga As QWs with L=100A andNg~8
dence. Campmast al. reported low-temperature linewidths x 10'*cm 2 for various compositions in the rangs
and mobilities in modulation-doped GaAsjAGa, As QWs  =0-0.1° We calculate linewidth and transport broadening
with Ng~ 6 10 cm™2 for various well widths in the range for the same structures. As scattering mechanisms, interface
L=75-110A.° Here, we calculate linewidth and transport roughness scattering with=3.5A andA=40A, LO pho-
broadening for the same structures. As scattering mecharon scattering, and alloy disorder scattering are included one
nisms, interface roughness scattering wit=3 A and A by one.
=85 A and LO phonon scattering are included one by one.  Figure 12 shows the calculated results for low-

Figure 10 shows the calculated results for low-temperature linewidth versus alloy compositianin the
temperature linewidth versus well width in the rarlge 75  range x=0-0.1. The contribution of interface roughness
—110A. First, the well-width dependence of linewidth due scattering is 1.6 meV at=0, and slowly increases asin-
to interface roughness scattering, shown by the dashed cureeeases because QWs become deeper. LO phonon scattering
(IFR), is not so strong for small, because the confinement contributes approximately 1 meV to linewidth, almost inde-
of the first excited state is weaker and tHug=0JE;/JdL is  pendently ofx. Although the contribution of alloy disorder
considerably smaller in GaAs/pGa -As QWs than in  scattering is proportional ta for small x, it is as small as
infinite-barrier QWSs. Second, the contribution of LO phonon0.24 meV even ak=0.1. Our calculations explain the ex-
scattering slowly increases as QWs become wider, whiclperimental observation of linewidth being insensitive to alloy
makes the well-width dependence of linewidth slightly composition, plotted by solid circlés.
weaker. The solid curvélFR+LO) is in good agreement On the other hand, transport broadening is shown in Fig.
with experimental results shown by solid circfel§.barriers 13 as a function ok. Interface roughness scattering contrib-
are higher, as in GaAs/AlAs QWs, the first excited state isutes 0.1 meV to transport broadening, while alloy disorder
more strongly confined and the interface roughness scattescattering makes the larger contribution of 0.27 meVxat

B. Well-width dependence
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FIG. 14. Doping position dependence of intersubband absorption linewidth,

Fl.G' 12. Alloy composition depgndqnce. of intersubband absorption IIne'calculated at 0 K by considering interface roughness, LO phonon, and ion-
width, calculated at 0 K by considering interface roughness, LO phonon

d allov disordefAD ttering. Solid circl h ) il it ized impurity scattering. Solid circles show experimental results measured at
and alloy disordefAD) scattering. Solid circles show experimental results low temperatures by Duporet al. (see Ref. 10

measured at low temperatures by Campragal. (see Ref. 9

=0.1; this shows that transport mobility drops remarkably agace roughness scattering with="5.66 A (2 MLs) and A
x increases. Our calculations explain the experimental results 70A, LO phonon scattering, and ion impurity scattering
plotted by open circle$The small disagreement may be due are included one by one.
to clustering in alloy layers, where the effective correlation ~ Figure 14 shows the calculated results for low-
length of alloy disorder in terms of roughness scattering majémperature linewidth versus doping positiénn the range
be larger thara/\/2 in actual samples grown by molecular £=0—120 A. Interface roughness scattering and LO phonon
beam epitaxy(MBE) or metalorganic chemical vapor depo- scattering contribute 5.8 and 0.8 meV to linewidth, respec-
sition (MOCVD). tively. When donors are doped in barriers,Zat 100 A for

It should be noted that the one-order-of-magnitude dif-example, the contribution of ionized impurity scattering is as
ferent contributions of interface roughness scattering to lineSmall as 0.3meV. When donors are doped in QWs, at the
width and transport broadening are important in explainingc€nterZ=0 A for instance, the contribution of ionized im-
their different behaviors versus alloy composition. Alloy dis- Purity scattering is 2.8 meV, which is smaller than that of
order scattering in itself contributes fairly equally to line- interface roughness scattering. Our calculations explain the

width and transport broadening, as mentioned in Sec. Il. experimental results plotted by solid circfés. _ .
Note that the wave functiod,(z) of the first excited

_ N state penetrates largely into the low barriers in these narrow
D. Doping position dependence GaAs/Al ,Ga -As QWSs, so the effect of ionized impurity
If the donor doping position is varied, then the contribu- scattering is greatly enhanced even in barrier-doped QWs. If
tion of ionized impurity scattering to linewidth should wave functions are more strongly confined, for example, as
change. Duponet al. measured low-temperature linewidths in the narrow GaAs/AlAs QWs used in our experiment, the
in 5-doped GaAs/AJ,Ga sAs QWs with L=76A and  contribution of ionized impurity scattering to linewidth is
Ng~1x10"cm™ 2 for two different doping positionsZ=0  less than 0.1 meV for barrier doping.
and 112 A We calculate linewidth and transport broaden- ~ On the other hand, low-temperature transport broadening
ing for the same structures. As scattering mechanisms, inteis shown in Fig. 15 as a function &. Interface roughness
scattering contributes 0.44meV to transport broadening,

0.7
In,Gaq.xAs/Alg 3Gag ;As QW  symbols: exp.
0.6FT=0K,L =11100/2k (Campman et al.) 1af GaAs/Alyz:Gaq7shs QW -
Ns=8x10" cm’ lines: calc. (2Ty) : T=0K L=76A 1
0.51 o] 127 Ns=1x 10 em? ]
0.4 o - 10F

lines: calc. (2I)
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FIG. 13. Alloy composition dependence of transport energy broadening,

calculated at 0 K by considering interface roughness and alloy disorder scakIG. 15. Doping position dependence of transport energy broadening, cal-
tering. Open circles show experimental results measured at low temperaulated at O K by considering interface roughness and ionized impurity scat-
tures by Campmast al. (see Ref. & tering.
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while ionized impurity scattering contributes 12.2 meVZat mately 1 meV to linewidth at low temperatures. Therefore,
=0A and 0.33meV atZ=100A. Therefore, mobility linewidth has a very weak temperature dependence, while
greatly decreases when donors are doped in or near QWasyobility is greatly lowered by LO phonon scattering in the
rather thick spacer layers, more than 150 A in this case, areemperature range above 80K.

necessary to completely remove the influence of ionized im- LA phonon scattering and alloy disorder scattering give

purity scattering on mobility. matrix elements that are independent of scattering vectors,
and lead to a linewidth comparable with transport broaden-
IV. NOTE ing. The contribution of LA phonon scattering is, for ex-

, . ample, about 1 meV at room temperature in narrow GaAs-
Here we add a note on interface roughness and inhomag-

litati iterion for distinguishing the t frocts i , for instance, about 0.3meV in
quafitative -criterion for disinguishing the o elects 1S, g5 As QWs with x=0.1. This is negligible for line-

given by comparing the correlation length with the elec- width but predominant for transport broadening, causing a
tron mean free path short-scale roughnesa\ K1) leads to remarkable drop in mobility as increases

homogeneous width, while long-scale roughness>() lonized impurity scattering contributes little to linewidth

cau:\s/ss whomogene(t)u; W'dtt;‘,' icle. the th h in modulation-doped QWSs, because the difference in intra-
€ have presented, in this article, the theory of NOMO, ;414 scattering matrix elements for the two subbands is
geneous width due to scattering by short-scale interfac

mall. On the other hand, rather thick spacer layers, more

roughness. This is expected to be a reasonable treatment ®lan 150 A in narrow GaAs/ALGa, As QWs for example
actual GaAs/AlGaAs QW samples grown by MBE or are necessary to remove the influence of ionized impurity
MOCVD, because an AlGaAs surface has short-scale rougr%'cattering on mobility.

ness due to the short migration distance of Al atoms and a

GaAs surface can be made virtually flat using a growth-

interruption technique. Numerical calculations based on th@‘CK'\IOWLEDGMENTS
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