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Effects of interface roughness and phonon scattering on intersubband
absorption linewidth in a GaAs quantum well
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We experimentally and theoretically study the effects of interface roughness and phonon scattering
on intersubband absorption linewidth in a modulation-doped GaAs/AlAs quantum well.
Quantitative comparisons between experimental results and theoretical calculations make it clear
that interface roughness scattering is the dominant scattering mechanism for absorption linewidth in
the temperature range below 300 K. Even at room temperature, phonon scattering processes
contribute little to linewidth, while polar-optical phonon scattering limits electron mobility.
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Intersubband absorption linewidth in a quantum wellmined by Hall measurement, were X.90*cn?/Vs and
(QW) has been said to have little correlation with electron9.8x 10*cm 2 at 4.2 K, respectively.
mobility. Campmaret al. reported that linewidth is sensitive The structure was chosen so that roughness scattering at
to interface roughness scattering, while it is not to alloy scatthe GaAs-on-AlAs interface would dominate the electron
tering, to which mobility is sensitivéIn addition to ionized mobility at low temperature$,and that polar-optica(LO)
impurity scatteringand band nonparabolicifithe collective ~ phonon scattering would do so at room temperatufie
nature of intersubband transition and its effect on linewidtheffect of ionized impurity scattering was reduced by the 100
at high electron concentrations have been revealed bj spacer layers, and the influence of alloy scattering was
Warburtonet al? It is also interesting that quite narrow line- absent because of the GaAs QW with AlAs barriers.
widths have been reported for a particular double Qw '€ sample was processed into a 3-mm-long waveguide
systen? As a whole, systematic and quantitative understangStructure with a thickness of 0.3 mm. Both ends were pol-

ing of absorption linewidth has not yet been achieved, WhiCHS?ledta; 45t°thso tthat thc? gggt incidefnt to thfet:]ace could _kée
is in contrast to the case of mobility. refiected at the fop and bottom suraces of the wavegulide.

. . . . Aluminum (100 nm thick was evaporated onto the top sur-
In this letter, we investigate the effects of interface :
face to serve as a gate for modulating the electron concen-

roughness and phonon sca_ttering on absorpti(_)n Iineyvidth '"Yation in the QW. Absorption spectra were measured at tem-
a GaAs QW. We measure linewidth in comparison with mo'peraturesT:4.5—300 K with a Fourier transform infrared

bility in & modulation-doped GaAs/AlAs QW at tempera- gnectrometer and microscoge-FTIR). By modulating the
tures ranging from 4.5 to 300 K, which are indeed differentg|eciron concentration between the accumulation and deple-
in terms of both absolute values and temperature depeRipn conditions, and detecting signals with a lock-in tech-
dence. Theoretical analySiS shows that linewidth is one Ordqﬁique, we obtained background-free absorption Spectra with

of magnitude more sensitive to interface roughness scatteringigh signal-to-noise ratios to measure the linewidth pre-
than mobility, but that linewidth is less sensitive to phononcisely.

scattering. We obtain good agreement between the experi-

mental results and theoretical calculations for both linewidth AL L L L L B
and mobility. 504 50A T=45K >

o . = - = Ne=9.8x10"" em’

The sample used in this study was a modulation-doped § AlAs AlAs s x em
GaAs single QW with AlAs barriers grown by molecular S AlGaAs AlGaAs
beam epitaxy. The QW structure consisted of a Si-doped & *gi*mo)& 1002\*3*1*
Al, Ga, -As layer, a 50 A undoped ALGa, -As spacer, a 50 5 Ga oT. = 11.1 meV
A undoped AlAs barrier, an 80 A undoped GaAs QW layer, & 2808 M:ng < 10° cm2/Vs
a 50 A undoped AlAs barrier, a 50 A undoped,ABa, As g 80A 2T = 1.2 meV)
spacer, and a Si-doped AlGa, /As layer, as shown in the g
inset of Fig. 1. In the growth process, a growth interruption o

was used at the AlAs-on-GaAs interface for smoothing. The TR DU ST T R

mobility x and the sheet electron concentratidy, deter- 150 200 250
Photon Energy (meV)

dElectronic mail: unuma@issp.u-tokyo.ac.jp FIG. 1. An intersubband absorption spectrum of a GaAs/AlAs single QW

YAlso at: Institute of Industrial Science, University of Tokyo, 7-22-1 Rop- observed at 4.5 K with a-FTIR via a modulation technique. The inset
pongi, Minato-ku, Tokyo 106-8558, Japan. represents the structure of this sample.
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Figure 1 shows an observed absorption spectrum at 4.5
K. The full width at half maximum of the absorption, de-
noted hereafter aslz,, was 11.1 meV. To compare this
value with mobility, we defined transport energy broadening
as A",=2h/{m,(E))=2hel um*. Here,e is the elementary
charge /i is the reduced Plank constam’ is the electron
effective mass,(E) is the momentum relaxation time of

electrons, and the brackets denote an average over ehergy.

From the low-temperature mobility f=2.9x 10* cn?/V s,

we obtained 2',=1.2meV. Note that the linewidthIZ,,
was about an order of magnitude larger than the transport
broadening T, .
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To explain the low-temperature values of the linewidth Correlation Length A (A)

ZFOD as well as the transport broadeninf2 or the mobil- FIG. 2. Calculated E,, and A", due to interface roughness scattering,
ity u, we numerically calculated the most probable contribu-piotted as functions of. The 2"y, yorepresents the linewidth without the
tion of interface roughness scattering using Ando’snhonparabolicity effect.
theory®®19Ando’s theory is based on the single-particle pic-
ture, which is applicable when the depolarization shift is -
small compared with linewidth. This was the case in our FOOZJ d
experiment, wherdN;=9.8x 10''cm 2 gives a depolariza- 0
tion shift of about 5 meV. ) o ] 2
According to Ando’s theory, the intersubband absorptiontere; €(a,T) is the static dielectric functiof:

line shape for elastic scattering processes can be expressed as !t 1S useful here to compare the similar expressions for
Finwa(E) s Tined E), and 2/ 7,(E) in Egs.(3)—(7). First, all

2h 2m* A2A2

7v(E) a e

01—0050
€(q,T)?

—q%A%4

)

I'op(E) the three are proportional t?, and also to\? for small A.

Regll(w)(xf dET(E) (hw—E )+ Fop(E)z’ @ Second [ (E) is much smaller that’;,(E), becausé
is larger thang owing to E;o. Third, (1— cosé)/e(q,T)? ap-
Lo(E)= 3[Tingra( E) + Tined E) 1. (2)  pearing only in Z/7(E) shows that forward scattering (

~0) makes no contribution to the transport energy broaden-

Here,w is the photon frequency(E) is the Fermi distribu- . h . h . inall
tion function, E4q is the intersubband energy separation ing, and t gt screening reduces the scattering rate. Finally
' 10 'and most importantly, there are the factofSyd—Fq1)2,

INinwa(E) is the width due to the difference in intrasubband — > : . .
scattering matrix elements for the ground and first excited %’ and Foq- in front of the integrals. Sincé, is more

_ . . . sensitive toL thanE,, F; is much larger tharfr oy, which
subbands, anfl;.(E) is the width due to the intersubband makesTo(E) much larger than 2/7,(E). (In the infinite

scattering’ barrier approximationk 44 is four times larger thai.)
; ; ) 11 00+
Using a roughness model that characterizes the GaAs At low temperatures, Eq(7) with the substitution of

on-AlAs interface by the Gaussian autocorrelation functlonFermi energyE; into E directly gives T If the E depen-

. . : 6,8
with a mean height oA and a correlation length of,”"we dence in Egs(3) and(4) and band nonparabolicity are neg-

have ligible, the sum of Eqs(3) and(4) is equal to 2',,.
m* A2A2 (7 ez In practice, however, R, is obtained by performing the
Fina( B)= T(FOO_FM) fo dge 1 ' ©) integral in Eq.(1), where the nonparabolicity effect is to be
introduced by replacingEyy with Eqo—(1—mg/mi)E.
m* A%A? o™ A2 Here,m§ andmj are the electron effective masses in the
Finted E) = _hZ_Fm Jo doe (4) ground and first excited subbands, respectively, and are set at

0.069m and 0.076én according to the Kane model, wheme
is the free electron mass. In the numerical calculatidns,
=80A, Ng=9.8x10"cm 2, and a barrier height of 1 eV
were used. The other material parameters were taken from
Table | in Ref. 7.

Figure 2 shows the calculation ofl’g, (solid curve in
comparison with 2, (broken curve as a function ofA for

with F .= V(IE/dL) (dE,[dL). Here,L is the well width,
E, is the quantization energy of theth subband¢ is the
scattering angle, and andq are the absolute values of the
two-dimensional scattering vector in the “intra” and “in-
ter” processes,given by

*

, 4m
q°=—-E(1—co0s6),

> (5) A=4A. The dash-dotted curve showd’@, ,ara the line-
h ; ; - s
width without the nonparabolicity effect. It is shown that
Am* E 2T op para@nd A’y are proportional to\ = for small A with a
62:? E-+ 710—\/E(E+ E g cosb|, (6) difference in values of about an order of magnitude. For

large A, the insensitivity of Z';, to the forward scattering
respectively. In Eq(3), a screening factor that appeared in causes its value to be smaller. With nonparabolicit}/,2
the original theory is omitted because its contribution is has a lower limit of (1 mg/m¥)Eg=3.3meV in addition to
negligible in the following analysis. 2T op para As aresult, ', is one order of magnitude larger
We have a similar expression for the transport energyhan A", which explains the higher sensitivity of linewidth

broadening 2/7,(E), which is expressed &s to interface roughness scattering.
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[rr T Tt T T T phonon emission process adds a little to the width. Even at

symbols: experiment . . . .
L lines: calculation room temperature, interface roughness scattering is still
e IFR, —— IFR+LO, —— IFR+LO+LA dominant, whereas the effects of LO and LA phonon scatter-

ing are small. This is because the difference in intrasubband
scattering matrix elements for the two subbands is smaller in
phonon scattering than in interface roughness scattering. In
contrast, LO phonon scattering rapidly lowers electron mo-
bility with increasing temperature, and the contribution of
interface roughness scattering remains small, as is known
very well. In this way, the same scattering mechanisms have
0 100 200 300 very different influences on linewidth and mobility, which
Temperature (K) explains the apparent lack of correlation between the two.
_ It should be noted that the high sensitivity of linewidth

FIG. 3. Measured Bo, and 'y (or ) are plotted as functions of tempera- y, jiarface roughness scattering is due to the larger contri-
ture by solid and open circles, respectively. Calculated values With . . .
—80A, N.=9.8x10cm2 A=4 A, and A=43 A are also plotted by ~ Pution of the first excited state than that of the ground state
lines. In the calculations, we considered interface roughtiE&y, LO pho-  in Eq. (3), or F11—Fgo=3d(E;—Eg)/dL. If one makesE;
non, and LA phonon scattering. —Ey=Eq insensitive to the change &f in double QWs or
other structures, the dominant teiry,,,(E) should vanish,

The value of 10.4 meV for P,, without the contribution and narrow linewidths should be_ ob_talned. :
of phonon scattering, which will be shown below, agrees _In summary, we have quantitatively Stu‘.j'ed the_ effects
with the calculation forA =43 A. This is a reasonable value of interface rpugh_ness_ anq phonon scattering on intersub-
of A for the GaAs-on-AlAs interfack.The corresponding banq abso.rptllo.n linewidth in a GaAs/AlAs QW'. We have
calculated value of P, is 0.73 meV, which partly explains obtained S|gn|flcant agreement betwgen _experlmentall Qata
the experimental value of 1.2 meV. In the following, we useand theoretical calcul_auons for both linewidth aqd mobility
the pair ofA=4 A and A=43A as representative; another 2t {€Mperatures ranging from 4.5 to 300 K. In this tempera-
pair in the range o =3.5—5 A and A=55—30A is al- ture range, mterfa'ce roug.hnesfs scattering is a very strpng
lowable. scatterlng mechanlsm for Imewdth, because the contribution

Figure 3 shows the plots of the linewidtt"g, (solid of the first excited subband is much larger than that of the

circles measured as a function of temperature. For compariground subpand_. Phonon scattering processes haye Iittle_ in-
son, the transport broadenin@'2, or the mobility u (right fluence on linewidth even at room temperature, while mobil-

vertical axig, is also plotted by open circles. At a low tem- ity is strongly affected by LO phonon scattering.

perature T=4.5K), as already seen in Fig. 1, thé'g of The authors are grateful to Professor T. Ando for his

11.1 meV is much larger than thé'g of 1.2 meV. Note now  pe|pful discussions about the theory of absorption linewidth.
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