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roughness in 

Abstract. A fluctuation transport theory is applied to 
describe the mobility limiting effect of interface roughness 
scattering in semiconductor heterostructures. As an 
example we consider a high mobility transistor and com- 
pare electron scattering by interface roughness with 
Coulomb scattering processes by ions and dipole fluctu- 
ations. We show that the dynamical resistivity measure- 
ment provides detailed information about the autocorre- 
lation of the interface morphology. 

PACS: 72.20; 73.20; 73.60F 

1. Introduction 

The physical requirements for optoelectronic devices, e.g. 
the band gap for semi-conductor lasers or diodes,  often 
cannot be fulfilled by group IV semiconductors. With the 
aid of novel epitaxy techniques, however, new artificial 
heterostructures can be grown which consist of a stack of 
different semiconductor materials, e.g. InGaAs/InP. Thoe 
thickness of a single layer ranges from 10 A to 1000 A. 
In the region of the material with the lower intrinsic band 
gap a box potential is established and the quantized 
electron states yield a new effective band gap. Thus, the 
physical properties can be controlled by the thickness of 
the layers in the stack. However, due to thickness fluctu- 
ations of the layers the electron state lifetimes are reduced 
yielding limited electron mobilities in transistor devices or 
broadened laser lines. 

In the present paper we treat the electron scattering by 
interface roughness in semiconductor heterostructures in 
a quantum mechanical context which is based on a fluctu- 
ation concept. The autocorrelation of the interface mor- 
phology plays a major role for the resulting extra resistiv- 
ity. Roughness scattering compared to ion or dipole scat- 
tering turns out to be the dominant process in agreement 
with experiments on a H E M T  1 realized by an In- 

~High electron mobility transistor 

GaAs/ InP  heterostructure. Further we show that it is 
possible to examine the interface morphology by 
a measurement of the dynamical conductivity. 

2. Theoretical concept 

The different electron affinities of the atoms on both sides 
of a heterostructure interface lead to a dipol layer and, 
thus, a box potential for free carriers is established in the 
region of the material with the lower intrinsic band gap. 
We call this region conduction channel and assume that 
the electrons propagate freely within the channel plane (r) 
but are confined in z-direction. Describing the intrinsic 
band structure of the channel material by an effective 
mass approximation (m) we obtain the free electron 
Hamiltonian 

h 2 
Ho - 2m Ve + Vo(z) (1) 

with a box potential Vo(z) as shown in Fig. 2. In (1) we 
assumed the effective mass of the electron in the barrier to 
have the same value as in the channel. Solving the Hamil- 
tonian by a product ansatz of planar waves and subband 
envelope functions e x p ( -  ik.r), q~,(z) yields the eigen- 
value spectrum (Wk,, = h2k2/2m + W,). The binding en- 
ergies of the subbands are typically of the order of several 
hundred meV and, thus, the extension of the wave func- 
tion can reach far into the barrier and, thus, may be 
different from the width of the channel. 

Deviations from a smooth interface, e.g. at z = d, are 
now described by a local broadening A (r) of the confining 
potential. This leads to a new potential [1] 

( d )  A(r) OVo(z ) 
V(z) = Vo z" d + A(r) ~ Vo(z) - z d ~z (2) 

and a corresponding one-particle Hamiltonian with the 
additional scattering potential ~b(r, z): 

U 
H - 2m Vz + Vo(z) + (p(r, z) (3) 
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Fig. 1. The high-mobility transistor is realized as a InGaAs/InP 
heterostructure. The (100) growth condition guarantees a layer by 
layer change of the constituting atoms in the channel. The scattering 
by doping ions is reduced by means of the remote doping technique. 
The arrows indicate the channel interface positions (1) (2) 
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Fig. 2A, B. The interface roughness at z = d is described by a local 
broadening A(r) of the confining potential Vo(z ) A. By applying 
a Gate-Source voltage the electron probability to stay near the 
interfaces is changed B. As a simple model we assume only the box 
bottom to be sloped due to a homogeneous field U/ed in the 
z-direction inside the channel 

with 
A (r) 0Vo(z) (4) 

q S ( r , z ) = - - z  d 8z 

We restrict ourselves to excitat ion frequencies lower than  
the subband  splitting. Therefore  the free electron proper-  
ties can be character ized by the polarizabil i ty of the elec- 
t rons of the lowest subband  (n = 1) which is known for the 
non-interact ing electron gas [-2, 3]: 

/ - / (k ,  (D, Z, Z') = F / l ,  l ( k ,  (~0)' (#2(z)~o2(z t) (S) 

Ha l(k,c~ 2 Z {  f (Wq ,  1) 

' = A ~  _ } ' o 0 + i h 0 + + w , , , - % + ~ , ~  

_ f ( W q ,  ~) 1 (6)  

N o w  we apply  the f luctuation t ranspor t  concept  to the 
present  problem,  and quite generally assume an oscillat- 
ing external field Eext(Co) [4, 5, 6, 7, 8, 9]. The  f luctuat ion 
concept  uses the assumpt ion  that  all electrons contr ibute  
to the macroscopic  current  density j = - en~va with the 

same drift velocity Vd, where ne is the two-dimensional  
electron density.This a s sumpt ion  allows to treat  the drift 
of the electron resting system independent ly  of their dis- 
ordered thermal  mot ion.  

The s ta t ionary  t ranspor t  is character ized by a macro-  
scopic force density balance,  which takes friction, inertia 
and driving forces into account:  

f ( vd )  -- mn~va -- en~E~xt = O, (7) 

j = -- enev~ = o-eext. (8) 

In the linear regime we expect the friction force to be 
p ropor t iona l  to the drift velocity and we define the friction 
coefficient 7 by f(vd)  = --7Yd. Four ier  t rans format ion  of 
(7) and (8) yields the frequency dependent  resistivity and 
mobil i ty  tensor  

1 rn~o 
p((o) = ~ 7(o~) - i ~ 1, (9) 

n e e n e e  

1 
~(~o) - p -  1 (co). (10) 

e H  e 

The friction forces can be derived f rom a microscopic  
t rea tment  of  the scattering mechan i sm as shown in detail 
in [10]. Here  we want  to focus only on the ma in  features 
of the f luctuat ion concept.  

The  f luctuations of the scattering potent ia l  in our  
system leads to an induced carrier  density 0ind, which 
gives rise to an energy dissipation of the drifting electron 
system. This dissipative process can be described in terms 
of a friction-force 

1 
f(Vd) = ~ <5 Oi, d(r, z, t)Ei,d(r, z, t)drdzr>ens (11) 

where the ensemble is taken over  all configurat ions of the 
statistically distr ibuted scattering potent ials  e.g. of the 
channel width fluctuations. 

The  mathemat ica l  p rocedure  is to calculate the in- 
duced charge density in its own rest system by means  of 
a Dopp le r - type  t ransformat ion.  In  this rest system screen- 
ing can easily be taken  into account  because there the 
dielectric function of a non- interact ing electron gas is 
wel l -known [2] 

S(k, co, z, z') = (~(z - z') -- v ( k ) H l , l  (k, (o) Y ( k ,  z)cp2(z ') 

(12) 

s176 z) = ~ exp( - k l z  - z'])~o2(z')dz ' (13) 

1 
v(k) = - -  (14) 

2 s o s k '  

where we assumed the lattice polarizabil i ty s - 1 of the 
channel mater ia l  to have the same value as in the barrier.  
The  screening of the scattering potent ial  is t reated within 
the r a n d o m  phase approx ima t ion  and is in t roduced by the 
inverse dielectric function 

~e(k,z)~offz') 
S -  t(k, ~o, z, z') = 6(z  - z') + v(k)l-ll ,  1 (k, o~) tier(k, (o) 

(is) 

det(k, co) = 1 - v(k)O(k)I-I L ~(k, co) (16) 

O(k) = ~ oW(k, z)~p~(z)dz (17) 
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(12) and (17) fulfill the identity 

S-  l (k, co, z, z")S(k, co, z", z')dz" = 6(z - z'). (18) 

Under the assumption of a radially symmetric autocorre- 
lation of the scattering potential and transport in x-direc- 
tion (parallel to the plane) the procedure yields the fre- 
quency dependent scalar friction coefficient 

i , . , 2 .  ,k, H l , l ( k , c ~  
(19) 

1 
M(k) = ] ~ <qfl - k, z)~b(k, z')> (p~(z') dzdz'. (20) 

for details see [10]. We now discuss the matrix elements 
(20) for scattering by ions, dipole fluctuations and by 
interface roughness. 

The remote dopant atoms are described by an ion 
layer density ni at distance Zo from the channel center. As 
already mentioned, the different electron affinities of the 
atoms on both sides of the interface lead to a dipole layer. 
Fluctuations of the chemical composition of the interface 
on an atomic scale are equivalent to statistically distrib- 
uted extra dipoles which for simplicity are choosen to be 
oriented perpendicularly to the transport-plane and are 
characterized by a density nd and a dipolmoment p. 

The long range behaviour of the Coulomb potential 
allows one to approximate the correct subband envelope 
function q)l(z) by the simpler sine function of the infinite 
box potential. Thus, the matrix elements of the Coulomb 
scattering are given by [8] 

[ e 2 ~2 
ions: Mi(k) = ni~ 2~o& ) exp( - 2kzo)Gi(kd/2) (21) 

dipoles: Me(k) = n i (  el) ) 2 e x p ( _  kdo)G~(kd/2) (22) 
\ 2eo8 /  

rc 4 

Oi(x) - (x 2 + 7r2)2x 2 sinh2(x). (23) 

Further, inserting (4) for a box potential with barrier 
height Vo in (20) yields the matrix element for roughness 
scattering (e.g. at the interface z = d): 

roughness: Mr(k) = K(k) Vo 2 ~o~(d). (24) 

The matrix element Mr consists of two different factors. 
First there is the autocorrelation function K(k) of the 
roughness morphology. It relates the typical length scales 
of the laterally extended regions of a channel width 
(d + A (1,)) to the Fermi wavevector ky (the following dis- 
cussion is restricted to an exponential correlation function 
with a mean square roughness A 2 and a correlation length 
~, K( r )=  e x p ( -  r/~)). A different ansatz would lead to 
a similar result. Second, in (24) there is the 'more quantum 
mechanical' expression V0 q0~(d) which is proportional to 
the probability that the electron is found at the interface. 
It can be expressed by the value for V -~ c~ times a correc- 
tion factor Gr(V): 

h 4 g  4 

Mr(k) = K(k) ~ - d ~  ~XV).  (25) 
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Fig. 3. Due to the correction G~(V) (insert) the thickness depend- 
ence of the roughness scattering matrix element deviates from the 
d-  6 law which is obtained for an infinitely high potential barrier V o. 
For a weakly bounded electron (V ~ 0) the scattering probability is 
reduced as shown in the insert 

G~(V) results from the transcendent energy eigenvalue 
equation of the Kronig-Penney model [11]: 

16 x 4 ( V  - x2) (26) 
Gr(V) : ~4 ( , / g  -- X 2 + 1) 2 

~ x _ ~  X 2 md 2 
with tan(x) - -- , V = Vo ~-~.  (27) 

A high value of the normalized potential V(V  > 1) is 
equivalent to a strongly bound electron with a wavefunc- 
tion that is strongly affected by channel fluctuations char- 
acterized by a correction factor of the order of one. In the 
opposite case of a weakly bound wavefunction Gr(V) 
tends to zero (Fig. 3). Hence, the often discussed d -6 
dependence of the matrix element (25) is valid only for 
systems with V > 1, and the influence of interface scatter- 
ing on the mobility [12, 13] or on weak localization is 
often overestimated (Fig. 3) [14]. 

3. Application to dc-transport 

In this section we apply our theory to a HEMT specimen 
(Fig. 1) [15] and compare the theoretical results with the 
measured mobilities (Fig. 5). The aim is the identification 
of the dominant scattering process in order to optimize 
the growth conditions in the MOVPE recctor with respect 
to the interface quality. The main problem concerning 
growth was to find the optimum reactor purging time to 
prevent the 'carry over' of As into the InP layer when 
changing the group V element from As to P [15]. Al- 
though the specimen is of high symmetry with respect to 
the conduction channel, the measured dc-mobility is an 
asymmetric function of the applied Gate-Source voltage 
V~s. 

In a first step we derive simple formulas for the 
dc-mobility under flat band conditions (VGs = 0) that can 
serve experimentalists as a tool for a rough estimate of the 



210 

! ii l i !iiil lo =ol 

Fig. 4. Two step model for the rough interface (2). L~ is the mean 
lateral extension of the InGaAs channel in the interface, a the 
corresponding vertical extension 
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Fig. 5. The dc mobili ty of specimens prepared  with different purg- 
ing times was measured at T = 77 K as function of the applied 
Gate-Source voltage [15]. The asymmetric  behaviour  hints at an 
asymmetric scattering mechanism e.g. interface roughness scattering 

mobility. The conditions for the formulas to be valid 
are 

a) the distance z0 between the doping layer and the 
center of the conduction channel must exceed the exten- 
sion of the wave function (e.g. the 1/e decay of ~0(z) in the 
barrier), 

b) k i d  < 1 should be fulfilled using approximately 
G(k) ~ 1 in the screening function (17). 

Taking the limit co --> 0 in (19) the dc friction coefficient 
becomes 

1 ~ d k k  2 M ( k )  aH~,~(k,  co) o,= ~ (28) 
? - -  4~z 2 det2(k, O) OCO 

2k~m 2 ~2 �9 4 M ( 2 k  I sin(x)) 
- ~ dxsm ( x ) i s i n ~ +  ~ i ) 2  (29) ~2h3  o 

with 

m m 2 co 

HI, l(k, co) - ~h 2 i ~h3kkf  x /1  _ (k/2kf) 2 q- ( f l ( ( d )  2 )  

(3o) 

k*r me z (31) 
and det(k,  O) = 1 + ~ - ,  k v r  - 2~eoe . 

We obtain the following mobilities for the scattering 
mechanisms under consideration: 

qnh 3 (4~r eo e) 2 k f z o  
ions: #i = m2nie 4 " i ( 2 k l z o ,  k ~ r / 2 k f )  (32) 

Table l .  Parameters  used to characterize the electron dc t ranspor t  
propert ies of the H E M T  [15] 

n e m/m e e d n i Zoo nd(p/e) 2 A 2 ~ 
[cm-'~] [A] [cm 2] [A] [~23 [~] 

1.5"1012 0.07 12 30 2,0.75"1012 70 4.6"10 -3 2.5 35 

qh3(4rCeoe) z 
dipoles: #a = 16zcrn2nae2p2. D ( k f d ,  k * r / l k y )  (33) 

qnd 6 
roughness: #r = 2zc2A2hGr.  E(ky~,  k*r/2ky) (34) 

,/2 exp( - 2cz sin(x)) (35) where I(c~,/?)= ~ dxsin2(x) c~ 
o (sin(x) +/?)2 

~/2 sin4(x) exp ( - 2~ sin(x)) Gi(o: sin(x)) 
D(~,/?) = ~ dx (sin(x) +/?)2 

0 
(36) 

~z/2 2g~2 sin2(x) . (37) 
E(~,/3) = ~ dx (1 + 4cdsin2(x))3/2(sin(x)  +/?)2 o 

In (34) and (37) we assumed an exponential correlation 
function. 

Applying the specimen parameters (Table 1) to (32) 
we we obtain a lower limit for the mobility of 
#i > 150.000 cm2/Vs due to scattering by ions which is 
6 times the measured maximum mobility #exp 
25000 cm2/Vs. Thus, ion scattering apparently is not the 
dominant mechanism. Further the symmetric doping 
technique is in contradiction to the observed asymmetric 
behaviour of the mobility as a function of VGs. The same 
argument holds also for phonon scattering. 

In addition, we expect extra dipoles at the interface 
where the group V element changes from As to P (because 
of the "carry over" of As). Therefore dipole scattering may 
be a candidate to explain the observed asymmetric behav- 
iour. The potential barrier V0 at the interface can be 
described by a homogeneous dipole layer: 

[Vo/el - tla "p nap 2 - vZ~;Ze'~2 (38) 
~0~, ~ e2nd 

The dipole density na'd is estimated by the number of 
binding atomic orbitals crossing the interface in the 
growth direction (100). The fluctuations within the dipole 
layer are assumed to be uncorrelated and the upper limit 
for the corresponding correlation ndp 2 is given by (38). 
With ndp 2 ~ 4.1 - 10-3e 2 the electron mobility is at least 
#d > 120.000 cmZ/Vs which is about four times the ob- 
served value. Hence, the scattering by dipoles is also 
negligible. 

We now discuss the influence of the channel width 
fluctuations. If the atomic components are changed within 
one period of the net planes of period a, the interface 
morphology can be characterized by a two step model as 
shown in Fig. 4. If 0 is the percentage of "rough" material 
in the interface and Lc its average lateral extension then 
the autocorrelation is given by 

K(r)  = a20(1 - 0)exp( - r/~), ~ = Lc/(1 - O) (39) 
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Fig. 6. The  electron mobi l i ty  is displayed as funct ion of the applied 
potent ia l  difference U (Fig. 2b). Here we consider  two rough  interfa- 
ces with the  same  correla t ion length  ~ ,  2 = 25 A but  with different 
roughness  dep ths  A~ = 1.6 A of interface (1) and  A 2 as shown  in the  
insert.  D u e  to a posit ive vol tage the  electron wave funct ion  is pushed  
to the  rougher  interface (2) and,  thus,  the  mobi l i ty  decreases whereas  
it increases for opposi te  vol tage 

where we assume the probability of the lateral exten- 
sions to be a geometric distribution [16, 17]. Using 
the parameters 0 = 0.5 and ~ = 1/kf we obtain #~ > 
70000cm,a/Vs. Due to the uncertainty of the channel 
width d of the order of 10% [18] and error up to 70 % in 
the calculated mobility is possible. Therefore a mobility of 
30000 cm2/Vs is within the frame of our theory not too 
different from the experimental result. 

Beyond the flat band approximation we calculated the 
dependence of the mobility on the applied Gate-Source 
voltage. The simple model used here is the box potential 
with a sloping bottom (Fig. 2) which is due to a homo- 
geneous electric field U/ed across the channel in z-direc- 
tion. The formalism discussed hitherto can be applied to 
this problem if the new subband wavefunctions are taken 
into account in the matrix elements. Figure 6 shows the 
theoretical predictions for the mobility under the assump- 
tion of symmetric doping and two rough surfaces with 
equal mean square roughness A 2 but different correlation 
length ~. The more different the interface morphologies 
are the more pronounced is the asymmetric behaviour of 
the mobility. If the wavefunction is pushed by the sloped 
bottom to the rougher interface the mobility decreases 
and vice versa. The direction of the applied field allows the 
determination of the rougher interface. 

Until now we have shown that electron scattering by 
interface roughness is a reasonable explanation of the 
experimentally observed properties. It is obvious that we 
had to make several assumptions about the morphology 
function. Until now, morphology data are gained by 
means of the photoluminescence spectroscopy [19]. In 
further experiments it should be tested whether these 
morphology data can explain the experimental transport 
data as outlined in our theory. Moreover we show in the 
next section that a measurement of the dynamical resistiv- 
ity provides a powerful tool for the examination of the 
interface morphology. 

4. Dynamical resistivity 

Due to the frequency variation the dynamical resistivity 
measurement yields more information about the scatter- 
ing process than a dc experiment. The frequency behavi- 
our of the friction coefficient of a two dimensional electron 
gas is given by the polarizability and depends on the ratio 
d) = hco/4Wy, W I. the Fermi-energy. Due to the plasmon 
dispersion c u r v e  copt(k)OC x ~  the plasma resonance fre- 
quency does not plays a major role for the polarizability 
as in three-dimensional systems. If a3 < 1 the electrons 
follow the external electric field instantaneously and the 
scattering potential is screened statically, whereas for high 
frequencies a3 > 1 the screening breaks down. In the inter- 
mediate region collective plasma excitations give rise to an 
extra resistivity that has already been observed in 
semiconductor bulk specimens with the aid of infrared 
spectroscopy [20, 21, 23]. The spectroscopic measure- 
ment of the macroscopic susceptibility of the free carriers 

i qanZ~ 7"(co) -- mn~co + iT'(co) 
XFC(CO) -- P(CO)eOCO -- &OCO ?2(CO) + (7,,(CO) _ mrleco)2 (40) 

eZnr e27'(co) 
~- for mneco > I~(co) l (41) 

--+ eomdco a eom2dco 3 

provides the high frequency limit (mneco > ] y(co)]) of the 
real part of the friction coefficient, that has different fre- 
quency dependences for various scattering mechanisms 
[21, 22]. In the limit under consideration (19) yields for the 
real part 

1 
~'co-  4 -~ -~  dkkZM(k)H~,l(k ,  co), hco >> 4 W f  

(42) 

m 
H~'I (k, co) - 2-~2 ~ , f l  - (tic - o3//~, 

with I~: - o3//~ I < 1 

= k/2ky, & = hco/4Wf 

m2k~ 

(43) 

(44) 

which directly allows the determination of the matrix 
element wavevector dependence. 

The following discussion is based on the resistivity 
because it is more intuitive than a friction coefficient, see 
(9). In the system under consideration we find the follow- 
ing behaviour of the resistivity for scattering by ions, 
dipoles and roughness, respectively: 

1 ~4 exp( - 4xzo/d ) 
P'i(co) = P~ " ~  (~.2 ~_ ~2~Y~5 sinh2(x) 

--. oc exp( - 2.,~kr - d)) (45) 

7-C 4 
P'e(co) = P~ "(x 2 + ~2)2x2 (1 - exp( -- 2x)) 2 --+ oc &-3 (46) 

P'r(co) = p~2n. (1 + 4&(kf~) 2)- 3/2 __+ oc o3- 3/2 (47) 
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Fig. 8. Theoretical predictions for the imaginary part of the resistiv- 
ity (compare with Fig. 7) 

with 

m2ni~ g2~/A2{2 Gr(V) ,  x = x / - ~ k f d .  (48) 
p*i -- 64e2e2h3rte, P~ - 4neq2d5 

While the scattering by doping ions decreases exponenti- 
ally with increasing frequency the dipole and interface 
roughness scattering can be distinguished due to their 
different power laws. The correlation length ~ and the 
mean square roughness A e can be estimated by means of 
a log-log plot. 

Beyond this high frequency approximation we cal- 
culated numerically the resistivity and the corresponding 
macroscopic susceptibility over a wide frequency range as 
shown in Figs. 7 to 10. The extra resistivity near a3 ~ 0.25 
is due to the excitations of collective plasma oscillations. 

Experimental results are often described by a Drude 
approximation of the free carrier susceptibility l.eC, D~,,de 
with a frequency independent scattering time col a 

l'le e2 1 
(49) 

) ~ F C ,  O r u d e  : - -  deome)  e) + io9~ 

Comparison of our results with (49) leads to an interpreta- 
tion of a frequency dependent scattering time. 
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scat ter ing f requency which can be derived f rom the dc-propert ies  of  
the resistivity. Z~c is d o m i n a t e d  by the  inert ia  of  the  electrons and,  
thus,  there is no difference between D r u d e  app rox ima t io n  an d  our  
theory  
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Fig. 10. Theoretical predictions for the imaginary part of the elec- 
tron macroscopic susceptibility. The deviation fi-om Drude like 
behaviour is due to a frequency dependent scattering frequency 
which is calculated by the fluctuation theory. The different frequency 
power laws allow the identification of the dominant scattering pro- 
cess 

5. Summary 

We have shown how the mobility of a two-dimensional 
election gas is affected by interface roughness and have 
compared this mechanism with the Coulomb scattering 
processes. Our formalism was applied to a high mobility 
transistor, and here the interface roughness was found to 
be the mobility limiting scattering mechanism in dc-trans- 
port. In a second step we calculated the dynamical trans- 
port properties and found the dynamical resistivity 
measurement to be a powerful tool for the determination 
of the strongest scattering mechanism. If roughness scat- 
tering is dominant this technique in addition to photo- 
luminescence spectroscopy yields a powerful tool to 
measure the interface morphology parameter A 2 indepen- 
dently of the correlation length 3. It is an open question 
whether the morphology data obtained by these two dif- 
ferent techniques are consistent with each other. 
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