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Abstrad. Considering the influence of interface roughness on phonon vibrational modes in the 
dielechic continuum model, electmn-interface phonon scattering rates axe calculated in a model 
GaAsJGal-,AI,As quantum-well slructure. The inmubband and intersubband scattering rates 
are given as a function of quantum-well width. It is show that interface phonon scattering is 
the dominant scattering mechanism in narrow quantum-well shllctures and elemon relaxation is 
strongly dependent on interface roughness. For intersubband scattering, the infinite barrier height 
approximation wn introduce a large emr ,  in pdcular,  in m o w  quantum-well shuclures. Our 
results are in good agreement with m n t  experimental data 

1. Introduction 

The novel features of semiconductor superlattices and multiple quantum wells have led to a 
great deal of interest in their electronic and optical vibrational properties. The presence of a 
hetero-interface gives rise to confinement of optical phonons in each layer and localization 
in the vicinity of interfaces. The first unambiguous observation of phonons confined in 
GaAs slabs was made in 1984 (Jusseraud et al 1984). and interface phonons in GaAs- 
AlAs superlattices were discovered in 1985 (Sood et d 1985). Both macroscopic and 
microscopic approaches to confined phonons have been applied in theoretical treatments 
(Huang and Zhu 1988a,b), and the frequency and dispersion of the interface modes can 
he analysed in terms of a dielectric continuum model (Fuchs and Kliewer 1965, Wendler 
1985, Chen et al 1990). It has been shown that in some respects the continuum model 
gives a reasonably good representation of these modes. It should be pointed out that the 
atomic-scale morphology of interfaces and the interface effect on quantum-well structures 
have not been completely considered to date as the continuum model has been used. In a 
vapour-deposited multilayer, in fact, interface roughness may arise from a variety of factors, 
including substrate roughness, rate fluctuations, island growth mode, interdiffusion, etc. The 
atomic-scale morphology of a semiconductor interface is still controversial, even for the 
GaAs/Ga,-,Al,As system, which has been intensively studied for many years. However, 
interface roughness can be divided into component roughness and structure roughness. 
The component roughness means the chemical component difference between ideal and 
real interfaces and may be induced by chemical composition fluctuation of monolayers, 
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interdiffusion, etc. For a sample with good quality, we think that it is more important for 
subbands and related excitons (Zhu et ol 1989) and interface modes and related electron- 
optical phonon interactions than is structure roughness. Therefore, it is interesting to study 
the influence of component roughness on these. 

Recently there has been considerable attention given to the subject of electron-phonon 
scattering and electron relaxation in GaAs/Gal-,AI,As multiple-quantum-well structures 
(Tatham er a1 1989, Obreli er a1 1987, Seilmeier et af 1987, Ridley 1989, Rudin and 
Reinecke 1990, Dharssi and Butcher 1990). The corresponding electron scattering rates 
have been studied experimentally by timeresolved Raman scattering (Tatham et a1 1989, 
Obreli et a1 1987) and infrared spectroscopy (Seilmeier er nl 1987). There have been 
suggestions that interactions by the interface modes can be significant and that the scattering 
rate due to the confined modes can be considerably reduced in some structures compared to 
the bulk Lo phonon scattering rate (Stroscio er al 1991). However, almost no attention has 
been paid to the effect of the component roughness, mentioned above, on interface modes 
and related electron+ptical phonon interaction. It would be expected to be particularly 
important for electron relaxation and mobility because a component change at the interface 
can cause a large change of interface modes and make the envelope wavefunction of the 
highest subband more extended. Therefore, it should be worthwhile to study the effect of 
such roughness both experimentally and theoretically. This can also allow us to analyse 
quantitatively the atomic-scale component of the interfaces. 

In the present paper, we consider the effect of interface component roughness on electron 
envelope subband wavefunctions and phonon vibrational modes, and calculate intrasubband 
and intersubband electron-interface phonon scattering in a model GaAs/Gal-,AI,As 
quantum-well structure. The electron envelope subband wavefunctions are obtained in 
structures with both finite and infinite barrier height, and the finite barrier height effect on 
scattering is also studied. In order to check the interface model structure, calculated results 
are compared with experimental data. The results can be used to discuss the validity of 
different macroscopic and microscopic approaches to the confined phonon in conjunction 
with experiments. 

2. Interface phonon modes and electron subbands 

Let us for definiteness consider a GaAs or Gal,Al,As layer i (i = 1,2,3,. . .) of the 
GaAs/Ga,-,AI,As system. It has the optical dielectric constant E,,. the LO frequency 
mu and the TO frequency mi. The z axis is taken to be perpendicular to the interfaces. 
Within the framework of the continuum model, the equation of motion and polarization 
eigenmodes can be obtained (Wendler 1985, Chen et al 1990). Introducing the electric 
field component Ek(k. z) and the electric displacement component Dz(k.  z ) ,  where R is the 
in-plane component of the phonon wavevector, we have 

d 
dz D,i(k,  z )  = a ( w ) - E d k ,  z)/ik (14 

and 
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with 

(7.) 2 2 2  E ( O )  = €,(U) = Em,(& ~ w )/(OTI - w ). 

For the ith layer, it is easier to solve the equations and obtain 

However, for the first and last material layers in the GaAs/Gal-,AI,As quantum-well 
structures, the solutions are respectively 

This is reasonable for studies of the interface roughness effect on the optical phonon. By 
using the connection conditions of EX@, z) and D,(k, z) with the help of the 2 x 2 wansfer 
matrices, it is convenient to obtain the equation of the eigenvalues. It is as follows: 

TZl + TZZ€O~O) + EN+I (W)[TII + Tlz€o~w)l = 0 (6) 

where Ti, is an element of the 2 x 2 matrix, i.e. 

with 

and 

1 = [ exp(kdi) - exp(-kd;) 
ci (0) exp(kd;) ci (0) exp(-kdi) ' 

Here di and N are, respectively, the ith layer width and the layer number of the well 
region. Once the eigenvalue my is known, the Ao, Ai, B; (i = 1,2, .  . . , N )  and BN+I 
(hence E~(k,z) and D , ( k , z ) )  are known with the use of the 2 x 2 transfer matrices and 
the normalization condition (Wendler 1985). 

Effective-mass theory is used to calculate the subband wavefunctions of electron states. 
The envelope subband wavefunction in the ith layer satisfies: 
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where Vi and mi are respectively the potential barrier height and the effective mass of an 
eleclmn in the ith layer. Then, the solutions are as follows: 

with 

k,i = [(2mi/h2)1E - Vil]'12. (11) 

However, for the first and the last material layers (potential barrier layers) in a 
GaAdGal-,AI,As quantum-well structure, the solutions are respectively 

Yo = CO exp(k, z) 

YN+I = DN+I exp(-k,iz). 

Considering the continuity of P and (I/m) dY/dz with the help of 2 x 2 transfer matrices, 
the equation of the eigenvalues for the electron can be obtained in a calculation procedure 
similar to that of the interface modes calculation. It is interesting to point out that the 
similarity of the calculation method for the electron wavefunction and interface modes will 
make it convenient to calculate the scattering rate. 

3. The electron-interface phonon scattering 

The electron-phonon interaction Hamiltonian derived from Frohlich interaction is given by 
(Huang and Zhu 1988b, Wendler 1985, Licari and Evrard 1977) 

where a, and a: are, respectively, the annihilation and creation operators of an optical 
phonon, and A is unit area of the quantum-well system in the xy plane. Considering a 
onephonon process only in the standard manner. the scattering rate is obtained as follows: 

W ( k )  = - dNfA(ETr - Er, *fio(k))l(k:lHEplkc)lZ "/ h 

with 

+m 

Fu(k) = 1, dz *;(z)E,Y(k, z)Yi(z) 

where the upper (lower) sign is for phonon emission (absorption), and i (0 denotes initial 
(final) state. ET is electron energy and taken to be E + (h2k:/2m*), where m' is the 

(15) 
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effective mass of an electron in the xy plane and E is the electron subband energy. q ( z )  
is the normalized wavefunction. Nph stands for the number of phonons. 

For intrasubband scattering within the first subband, we consider the scattering rate WfI 
for phonon emission. Assuming that the electron energy is just enough to emit one interface 
phonon, we can obtain 

where kl I satisfies 

For the intersubband transition between the first and second subbands, we consider the 
scattering rate WZI still for phonon emission. Assuming that the electron is initially at the 
bottom of the second subband, we have 

where kzl satisfies 

(h2/2m*)k:, + Trwdkzl) - (Ez - E d  = 0 (19) 

and (E2 - E l )  is the energy difference between the first and second subbands. 

4. Results and discussion 

In order to understand the effect of the interface component roughness on phonon vibrational 
modes and electron-interface phonon scattering and to make a comparison with electron 
relaxation experiments done by Tatham et ai (1989) and Seilmeier er a1 (1987). we have 
calculated interface phonon modes and related electron-interface phonon intrasubband and 
intersubband scattering in an ideal quantum-well structure without roughness and in a real 
one with roughness, respectively. The ideal one is a G a o . ~ A ~ , ~ 6 A s / G a A ~ G ~ , ~ A l ~ . ~ ~ A s  
single-quantum-well shucture with the well width L and infinite G ~ . & & , & s  barrier 
layers. The real one is presented by using a model quantum-well structure that has a 
GaAs layer with two different component interface layers on each side in the well region, 
i.e. a ( G a o . a A h 6 h ) d G a l  -&l, As), -(Gal AI,, As),, - 
( G ~ I - , A I , A ~ ) , ] / ( G ~ ~ . ~ A ~ ~ . ~ ~ A s ) ~  quantum-well structure. The widths of GaAs, 
Gal-,,AI,,As and Gal-,AI,As layers are respectively POL,  p , L  and p z L  under the 
condition PO + 2p1  + 2pz = 1. For Gal-,AI,As material, the potential height V ( x )  (in 
units of eV) and the optical dielectric constant E&) have, respectively, the forms (Adachi 
1986) 

AIx, As)p, ll(GaAs),/KGa~ 

V ( x )  = (1.115x+0.37x2)Q (20) 

and 

s,(x) = 10.89 - 2 .73~  (21) 
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Figure 1. Dispersion relations of the interface 1.0 modes (a) and interface m modes 
(b) (see the text) in model quantum-well sWctures of (Cs.~A$.~As),l[(G~?Alo.sAs),,- 
(Gag.~&.%As)p, lI(CaAs)~l[(G;la.~oAlii.iMAs)n, ~G;la.7Alu.3AS), l / (Gag.~~o,36AS)~ with Po 
= 0.6. pl = 0.1 and m = 0.1 (full curves). The broken CUNS represent ones in the idcal 
smcture with p o  = I and PI = P I  = 0. 

where Q is the conduction-band offset parameter and, in general, is taken to be 0.6. The 
corresponding LO and TO phonon frequencies w ~ ( x )  and ~ ( x )  (in units of cm-I) of GaAs 
type have the forms (Adachi 1986) 

- ( x )  = 292.37 - 52.83~ + 1 4 . 4 4 ~ ~  

~ ( x )  = 268.50 - 5.16~ - 9.36~' 

(22) 

(23) 
respectively. The effective mass m(x) (in units of free electron mass) of an electron is as 
follows: 

(W 
Using formulae obtained in section 2, the dispersion relations and the electric field 

component E&, z) of the interface modes have been obtained. The dispersion curves 
for the model quantum-well structure mentioned above with po = 0.6, PI = p z  = 0.1, 
X I  = 0.06 and x2 = 0.3 have been plotted in figures l(a) and I(b). It can be seen 
that as kL approaches zero the limiting frequencies approach the Lo and To frequencies 
of the GaAs, G@.94Alo.~As. Ga~.7Alo.,As and Gao.~Alo.,aAs material; however, as kL 
approaches infinity the limiting frequencies approach 290.81, 284.07,276.54,268.27,266.71 
and 265.68 cm-l, which are not shown in the figures. There are six interface modes with 
frequency magnitude between "(0) and w~o(0.36) and six interface modes with frequency 
magnitude between ~ o ( 0 )  and ~ ( 0 . 3 6 ) .  For simplicity, we denote them as interface LO 
modes and interface To modes, respectively. The dispersion curves for the ideal quantum- 
well structure are also given for the sake of comparison. It is clearly shown that there 
are different dispersion relations of the interface modes for a different interface roughness. 
In figure 2, the electric field components EW corresponding to six GaAs-type interface Lo 
modes are given for the model structure. They are much more important than the interface 
TO modes for the electron-phonon scattering induced by Frolich interaction. Three of them 
are symmetric and the others antisymmetric. 

and 

m ( x )  = 0.067 + 0.083~. 
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Figure 2. Electric field mmponents E1 of interface LO 
modes with kL = I as a function of z in the same 
model swuure as that in figure I .  ?he numbers on 
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Figure 3. Invasubband scattering nte of odd interface 
LO modes as a function of well width L in the same 
model structure as that in figure I (CUNCS as in figure 2). 

Figure 4. Intersubband scattering rate of even interface 
LO modes as a function of well width L in the same 
model structure as that in figure I (curves as in figure 2). 

In figures 3 and 4 the intrasubband and intersubband scattering rates divided by (Nphf 1) 
in the same model quantum-well structure as used above are given for each interface 
LO mode, which is in the order of increasing magnitude of frequency. It is found that 
only odd-number interface modes with symmetric E&, z )  contribute to the intrasubband 
scattering and only even-number interface modes with antisymmetric & (k, z )  contribute 
to the intersubband scattering. As shown in figure 2, the frequencies of modes 1 and 2 
are near wm(O.36) (bulk U) frequency of G%.MAI~ .~~As  barrier); thus the parts inside the 
well of these two modes are much less than that outside of the well. The wavefunction 
Ol(z) of the first subband is mostly confined in the well: therefore the conhibution of these 
two modes to scattering rates is relatively small for any kind of scattering. The potential 
barrier height for an electron of the Gao.~Alo.3aAs layer is about 270 meV. There is only 
one subband energy level and no intersubband scattering for such a barrier height with the 
well width L less than about 55 A. 

In figure 5, intrasubband scattering rates divided by (Nph + 1) are given for interface 
modes in model quantum-well structures with X I  = 0.06, xz = 0.3 and (i) po = 1, 
p1 = pz  = 0, (ii) po = 0.8, PI = p z  = 0.05 and (iii) po = 0.6, pl = p z  = 0.1. In order to 
show the difference between finite and infinite barrier heights, the scattering rates are also 
given in the figure for the case (iv) po = 1, p~ = p z  = 0 with an infinite barrier height It 
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LIAJ 
Figure 5. Intmubband scmering rates as a function 
of well width L for (i) p , ~  = I .  PI = m = 0 (full 
curve Wl), (ii) po = 0.8. pi = m = 0.05 (broken 
curve Wz) and (iii) pu = 0.6. pi = p1 = 0.1 (chain 
curve W,) with a finite barrier height, and (iv) po = 1. 
P I  = p z  = 0 (full curve Wa) with an infinite barrier 
height (see the text). 

L ~ A )  

Figure 6. Intersubband suitering rates as a function 
of well width L Cor (i) po = I ,  PI = p? = 0 (full 
curve WI), (ii) PI, = 0.8. PI = p2 = 0.05 (bmbn 
curve Wz) and (iii) po = 0.6, PI = pz = 0.1 (chain 
curve W j )  wth a finite barrier height. and (iv) po = I, 
PI = ,m = 0 (full curve W I )  with an infinite barrier 
height (see the text). 

is readily seen that intrasubband scattering rates in the model quantum-well structures (ii) 
and (iii) are much larger than those in the ideal quantum-well structure (i). The wider the 
interface layers, the larger are the intrasubband scattering rates. Since different interface 
roughness corresponds to different dispersion relation, the kll determined by equation (17) 
and corresponding electric field component Ek and overlap integral F,(kIl) in quantum-well 
structures with interface roughness will be quite different from those in the ideal quantum- 
well structure. Though the difference in the first electron subband wavefunction between 
quantum-well structures with and without interface roughness is small, the difference in 
scattering rates can be large. Previous studies (Ridley 1989, Rudin and Reinecke 1990) 
have shown that interface phonon scattering is a more important scattering mechanism in 
narrow quantum-well structures compared with confined LO phonon scattering. Therefore, 
it is necessary to include the effect of interface roughness on the interface phonon modes in 
the discussion of electron transport in superlattice and quantum-well structures. We believe 
that this is one reason why the calculated electron mobility of Dharssi and Butcher (1990) 
in Ga,~7Alo,3As/GaAs superlattice is too large compared with the experiments (Sibille et ai 
1987). From figure 5, it is also shown that the scattering rates for case (iv) are almost the 
same as those for case (i) when well width L is larger than 40 A. Based on equations (16) 
and (17) we can see that kll has no relation toeelectron subband energy level and barrier 
height. If the well width L is larger than 40 A, the first electron subband wavefunction 
is mostly confined in the well. The difference in wavefunction q(z) and corresponding 
F,(kIl)  between finite and infinite barrier height approximations is small, which results in 
the small difference of the calculated intrasubband scattering rates in the two cases. 

In figure 6, the intersubband scattering rates divided by (Nph + 1) are given for the 
same model quantum-well structures as those in figure 5.  We can see that the intersubband 
scattering rates for case (iv) are quite different from those for case (i). It shows that 
the infinite barrier height approximation is not the proper one to use for intersubband 
scattering. We can explain the results in two aspects. On the one hand, the infinite barrier 
height approximation gives rise to the larger energy difference (Ex - E l )  between electron 
subband energy levels. Since hw, and (E2 - EI) are of the same order, kzl and the 
corresponding electric field component Ek are quite different for the two cases of finite 
and infinite barrier height. On the other hand, electron wavefunctions of a finite barrier 
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height, especially that of the second subband, are more extended, quite different from the 
completely confined electron wavefunctions in the infinite barrier height approximation. The 
electric field component Ek is extended. Therefore, the infinite banier height approximation 
introduces large errors in the calculation of the overlap integrals F,(kz,), and thus large 
errors in the calculation of scattering rates. From figure 6, we can see that the intersubband 
scattering rates of narrow quantum-well structures (well width about 50 A) depend strongly 
on the interface roughness. For narrow quantum-well structures, a small change of interface 
can cause a large change of electron subband wavefunction. We also find that for a 
wide quantum well the scattering rates in model quantum-well structures with and without 
interface roughness are similar and the differences between them are relatively small. It 
shows that the effects of interface roughness on the dispersion relation, electron subband 
energy levels and wavefunction can cancel each other and the intersubband scattering rate is 
not very sensitive to interface roughness in wide quantum-well structures. Recently, several 
experimental results giving information about intersubband relaxation rates in quantum- 
well sbuctures have been reported (Tatham et al 1989, Obreli et a1 1987, Seilmeier 
et a! 1987). Time-resolved Raman anti-Stokes scattering experiments of Tatham et a1 
(1989) have given an estimate for the upper bound on the intersubband relaxation time 
of 1 ps for a Gao.~Alo,36As/GaAs quantum-well structure of well width 146 8. at 30 K. 
Combining our calculation with the value of Rudin and Reinecke (1990) by the Huang-Zhu 
microscopic model (Huang and Zhu 1988a. b) for the contribution of confined Lo phonon to 
the intersubband scattering rate, we have obtained a relaxation time of about 0.8 ps, which is 
in good agreement with the above experiment. It should be pointed out that an infinite barrier 
height approximation is used in the calculation of Rudin and Reinnecke (1990). Because 
confined LO phonon modes are dispersionless, the approximation leads to a relatively small 
error for the contribution of the confined Lo phonon to the scattering rate in a wide quantum 
well. Seilmeier et al (1987) have studied the bleaching of the intersubband absorption 
induced by a high-intensity picosecond pump. Measured intersubband relaxation times for 
a G~.~sAlo.3sAs/GaAs quantum-well structure with well width of about 50 A are of the order 
of 10 ps at 300 K for a subband splitting of about 150 meV, with increasing tendency of 
smaller well width. In such a narrow quantum well, the wavefunction of the second subband 
is much extended, and the contribution of the confined Lo phonon to the scattering rate is 
very small and can almost be ignored compared with that of interface modes, which are 
extended. So interface phonon scattering is the dominant scattering mechanism in narrow 
quantum-well structures. From figure 6, we have obtained the intersubband relaxation time 
of about 4.3 ps for a 50 A ideal quantum-well structure with pa = 1 and pg = pz  = 0. 
But for a 50 A model quantum-well structure with interface roughness, the scattering rates 
can  be smaller, which corresponds to a longer relaxation time. Then, one would expect 
that the calculated results can be in good agreement with the experiment (Seilmeier et al 
1987) as the proper interface roughness is considered. In addition, we have studied the 
dependence of scattering rates on the conduction-band offset parameters Q for a narrow 
quantum-well structure in which the second energy level E2 is very close to the barrier 
height. The intersubband scattering rates and relaxation times in a 50 A ideal quantum- 
well structure with po = 1 and p1 = p2 = 0 have been calculated for different Q. It is 
found that the difference between the second energy level E2 and the barrier height in the 
structure is equal to 1.12, 0.38 and 0.15 meV for Q = 0.55, 0.53 and 0.52, respectively, 
and that the smaller the difference, the more extended is the envelope wavefunction of 
the second subband. Then, it is obtained that the relaxation time is respectively 6.9, 10.8 
and 16.2 ps for Q = 0.55, 0.53 and 0.52. It shows that the relaxation time in narrow 
quantum-well structures is sensitive to the conduction-band offset parameter Q. Therefore, 
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the measurement of the intersubband relaxation time may offer a method to check the value 
of Q. 

It should be important and interesting to study the variation of intrasubband and 
intersubband scattering rates with X I  and x2 in the model sbucture. For the structure 
with pa = 0.6 and P I  = p2 = 0.1, we have also calculated the scattering rates for different 
well width L with X I  = 0.12, x z  = 0.24 and X ,  = 0.18, xz = 0.18, respectively. It is found 
that the variation of intrasubband scattering rate with L is almost the same as W3 shown 
in figure 5, and that there is almost no difference between the intersubband scattering rates 
and W3 shown in figure 6 in the region L c 120 8, and there is a slight difference in the 
region L =. 120 A. The difference is about 15% at L = 160 8,. Therefore, we have chosen 
only one set X I  = 0.06 and xz = 0.3 in the figures under discussion. 

5. Conclusion 

In conclusion, we have for the first time taken into account the effect of interface roughness 
on electron-interface phonon scattering rates. It has been shown that interface roughness 
can lead to a steep increase in the intrasubband scattering rate, so it should be considered in a 
good description of electron transport in quantum-well structures, and that the intersubband 
scattering rates and relaxation times in a narrow quantum well are very sensitive to interface 
roughness. The validity of the infinite barrier height approximation is also tested. Calculated 
results have shown that it is a fairly good approximation for intrasubband scattering, and it 
can introduce a larger error, in particular, in narrow quantum-well structures for intersubband 
scattering. A calculation with finite barrier height is needed for intersubband scattering. 
Based on what we have mentioned above, the experiments (Tatham eta1 1989, Seilmeier er 
al 1987, Sibille eral 1987) can be explained better. Finally, it is interesting to point out that 
our calculation formula is convenient and powerful not only for the structures mentioned 
above but also for other kinds of structures in the calculation of electron-phonon scattering 
and optic phonon Raman scattering, and that further experimental data are needed to check 
the model used here. 
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