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We have prepared a large number of high mobility two-dimensional 
electron gas (ZDEG) structures, with undoped spacer thicknesses 
ranging from 9 to 32OOA. 
at 1.3~1018 cm-3, 

For samples with 4OOA of (A1,Ga)As Si-doped 
there is a peak in the 4K mobility at spacers of 

400-8OOA, with a maximum value of 2x106 cm2 V-L s-L. Increasing the 
thickness of the doped (Al,Ga)As to 5OOA produced an increase in 
mobility to 3x106 cd v-1 s-1 for a 4001( spacer sample. We have 
compared these results with published analyses of scattering processes 
in 2DEG structures, and conclude that a combination of ionised impurity 
and acoustic phonon scattering gives a qualitative explanation of the 
behaviour, but that the experimental mobility values are generally 
higher than those predicted theoretically. 

1. Introduction 

Analysis of the scattering mechanisms in 
(Al,Ga)As/GaAs two-dimensional electron gas 
(2DEG) structures has been the subject of a large 
number of publications, see, e.g.le7. When 
comparison has been made with a limited number of 
experimental samples, fair agreement has usually 
been achieved by considering a combination of 
scattering mechanisms, of which the most 
important at 4K have been (a) ionised impurity 
scattering from centres in the doped (Al,Ga)As 
layer, the undoped spacer layer, the hetero- 
junction interface and the undoped GaAs, and (b) 
acoustic phonons, via the deformation potential 
and piezoelectric interactions. The relative 
importance of these mechanisms will depend on the 
details of the structure grown and the quality of 
the component materials, and so in order to 
elucidate the contributions of the various 
Eactors involved, we have used MBE to grow a 
large number of very high mobility 2DEG 
layers8*9, includin a structure with mobility 
in excess of 3.0x10 8 cm2 v-1 s-1 at 4K9. BY a 
systematic study of the efEect of varying the 
thickness of the undoped spacer and of the doped 
(Al,Ga)As, and by monitoring the clean-up 
behaviour of the MBE machine, we have been able 
to show qualitatively how the structural and 
Imaterial parameters influence the mobility in a 
wide range of samples. However, comparison with 
existing theoretical models, where appropriate, 
shows that, in general, our experimental 
Inobilities are significantly greater than 
predicted, even when account is taken of shallow 
and deep impurity Levels in the doped (Al,Ga)As. 
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2. Experimental 

The samples were prepared in a Varian Gen-II 
MBE machine, and details of the growth process 
have been reported elsewherelo. The structures 
studied are shown schematically in Fig. 1; the 
thickness, d, of the undoped spacer layer was 
varied between 9 and 3200A, and two thicknesses 
of doped (Al,Ga)As, 400 and 5OOA, were used. 
Electrical measurements were performed on both 
van der Pauw and Hall bar geometry samples, using 
alloyed NiAuGe contacts. 

In addition to the samples described above, 
the clean-up process in the MBE machine was 
monitored by the occasional growth of thick 
layers of lightly Si-doped GaAs (n = 1014-1015 
cm -3) in order to assess the background impurity 
level from 77K mobility measurementsll. 

GaAs 4fim undoped 

GaAs Substrate undoped 

1. Schematic cross-section of the 2DEG 
structures studied in this work. 
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Table I: Properties of lightly-doped GaAs samples as 
a function of number of layers after reload 

Layers after reload : 1 10 62 

u77u9 cm2 v-l s-l : 41,000 76,000 100,000 

ND, cmm3 : 2.5~1015 8.5x1014 5.5x1014 

NAP cm -3 : 1.4x1015 4.5x1014 2.1x1014 

- o ?? 5ooA doped 
-0 ?? 4ooAdoped tsk 
fn Spread in data for n samples 

Spacer Layer Thickness (A) 

2. Mobility, u4K, and sheet charge, ns, 
measured at 4.'2K, as a function of undoped 
spacer thickness, d. The figures against 

the error bars are the number of samples 
measured, and the thepretical n,-d curves I 
and III are discussed in the text. 

3. Results 

There is a gradual improvement in the 
quality of material from the MBE machine as the 
number of uninterrupted growth runs increases, 
following the reloading of the source cellslo. 
This is illustrated in Table I, where the back- 
ground acceptor concentration, NA, in lightly- 
doped GaAs is given as a function of the number 
of the growth run following a reload. It can be 
seen that NA rapidly decreased to a value of 
4.5x1014 cm-3, and then slowly falls to _ 2~10~~ 
cm-3 over a further 52 layers. This reduction in 
NA is expected to reduce the amount of scatter- 
ing by hackground impurities in the GaAs region 
of the 2UEG structures, but there is some 
evidence to suggest that the quality of the 
(A~,GcJAs is also improving as the run seqwnce 
progresses. There is a general trend towards 
higher mohilities in the repeated growth, at 

intervals, of the same 2DEG structures, including 
those in which background scattering in the CaAs 
is not thought to he a significant factor. This 
is most easily explained as being due to a 
reduction of unintentional scattering centres in 
the (Al,Ga)As. A similar improvement in the 
properties of (Al,Ga)As layers, as assessed by 
optical techniques, has also been observed in 
other MBE equipment12. 

Clearly, such a gradual change in material 
quality with time will complicate the analysis of 
the influence of structural parameters on 
mobility. However, the samples used in stndying 
the efEect of spacer and doped layer thicknesses 
were all grown at least IO layers after reload, 
and in random order; consequently, variations in 
material quality will he minimised. Furthermore, 
since several samples were grown for each 2DEG 
structure, comparison of the maximum mobility 
obtained for each structure will be most 
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3. Theoretical calculations of mobility limited and acoustic phonons at 4.2K, compared with 
by remote impurities, background impurities the maximum mobility curve from Fig. 2. 

representative of the effects of sample geometry. 
Additional complications in interpreting low 
temperature measurements arise from the 
observation of some dependence of the properties 
of the layers on light sensitivity and cooling 
rate. Consequently we have chosen to compare 
results after saturation of the persistent 
photoconduction (PPC) effect using a pulse of 
white Lfght at 4K. The mobility u4K and sheet 
charge, ns, in the 2DEG are plotted as a functton 
ot spacer layer thickness, d, in Fig. 2, for the 
two doped (Al,Ga)As thicknesses of 400A and 500&. 
It can be seen that, for the former structures, 
there is a gradual decrease in ns with d, and a 
peak in the mobility of just over 2x106 cm-2 
s-1 for d 1 400~800A. Increasing the thlcknrle' . 

of the doped (Al,Ga)As to 500A produces a 
considerable improvement in mobility for d=400A, 
where a value of 3.09x106 cm2 V-1 s-1 has been 
achieved. 

4. Discussion 

The qualitative 
readily explained by 
the u-d curves: 

features of Fig. 2 are 
considering two regions of 

(a) d < 4OOA, where the increase in u with d 
derives from the increased separation of 
the remote charged centres in the doped 
(Al,tia)As from the 2DEG channel, and 
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Table II: Parameters used in theoretical calculations 

Background doping, NA 3x1014 cm-3 

(Al,Ga)As doping level, ND : 1.3x1018 cm-3 

Dielectric constant, E 13.18-3.12x 
where x = aluminium 
fraction (0.33) 

Deformation potential, D 7 (Lee, Walukiewicz) 
or 13.5 (Price) eV 

(b) d > 8001, where the reduction of mobility is 
the result of the n,-dependence of the 
geometry-independent scattering mechanisms, 
i.e. background impurities and acoustic 
phonons. It should be noted that, although 
the observed decrease of u with decreasing 
ns is predicted for ionised impurity1 and 
piezoelectri.c3 scattering, an increase in n 
for lower ns is expected for deformation 
potential scattering3. The n-ns behaviour 
of acoustic phonon scattering will be 
determined by a combination of the two 
interaction mechanisms, and consequently our 
data can only be explained by acoustic 
phonon scattering if the piezoelectric 
interaction is the dominant mechanism. 
Since phonon scattering is largely independ- 
ent of material quality, the observation of 
a higher peak mobility at a wider s acer 
thickness than previously reported 15 
probably reflects a lower background 
impurity concentration in our material; even 
so, it is not possible on this evidence to 
determine whether phonons or background 
impurities dominate in our samples. 

(b) when these various curves are combined into 
a total mobility resulting from all three 
scattering mechanisms, the results are 
generally significantly lower than is 
observed experimentally, and the discrepancy 
would be aggravated by the inclusion of 
other possible mechanisms, e.g. charge in 
the undoped spacer, or interface eEfects, 
such as roughness, localisation or interface 
charge. 

We have attempted a quantitative comparison 
of our mobility data with some of the theoretical 
calculations which have appeared in the 
literature2-5,7. Unfortunately, the more 
comprehensive models have generally required 
numerical analysis, and only a limited number of 
results can be directly applied to our data 
because the model parameters used do not corre- 
spond to our structures. However, in some cases 
it is possible to scale the calculated results, 
and by this technique we have generated 
theoretical curves for mobility limited by remote 
impurities, background impurities and acoustic 
phonons, as shown in Fig. 3. The curves labelled 
I, II. and III are derived from the analytic 
expressions of Lee et a1.5, and will be discussed 
more fully below; the parameters used in these 
and the other calculations are listed in Table 
II, and the ns value for each spacer thickness 
was taken from Fig. 2. Two important points are 
apparent from Fig. 3: 

(a) there is a considerable difference in the 
quantitative results of the various 
calculations, and 

In order to try and clarify the dependence 
of mobility on sample dimensions (i.e. doped and 
undoped (Al,Ga)As thicknesses) we have applied 
the formulae of Lee et a1.5 to three models of 
the charge distribution in a 2DEG structure 
corresponding to the curves I, II and III of 
Fig. 3. Model I (Fig. 4a) considers scattering 
due to an interface depletion region in the doped 
(Al,Ga)~s with a space charge density, ND+, 
equal to the Si doping level, ND. This appears 
to give a reasonable fit to the experimental 
data, but is almost certainly wrong, since, in 
common with most published analyses including 
those represented here, it fails to take into 
account the presence of a high density of charged 
centres in the surface depletion layer of the 
doped (Al,Ga)As. That such a layer can influence 
the channel mobility is demonstrated by the fact 
that using a thicker doped (Al,Ga)As layer, 
thereby increasing the surface-to-channel 
separation, results in a considerable increase 
in mobility (see Fig. 2). This effect has also 
been predicted theoretically4r6, but to our 
knowledge this is the first experimental 
confirmation. Model II (Fig. 4b) has therefore 
included scattering from this surface depletion 
region, and it can be seen that a significant 
reduction in mobility results, so that the 
agreement with experiment is poor. In an effort 
to improve the fit with our data, and indeed to 
use a more realistic model for the doped 
(Al,Ga)As region, we have considered the effect 
of the Si do ant giving rise to both shallow and 
deep levels1z,15. The consequent charge 
distribution in the 2DEG structure then appears 
as in Fig. 4c; the exact details depend on the 
Al content and the sample geometry, and will be 
reported in detail elsewhere 16, but this 
distribution forms the basis of model III. It 
can be seen that, wirh the exception of the lOOA 
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4. Models used to predict ns-d variation and b) Model II: As in a) but ..tth surface 
remote impurity contributions to scattering depletion charge contri!] Zion. 
as discussed in text: 

c) Model III: 
a) Model I: 

Both heterojuxtion and 
Only heterojunction depletion surface depletion charges are separated 

charge in barrier contributes as in into deep and shallow levels. 
Ref. 5. 

spacer sample, the two curves are extremely 
close. and the changes to the model are not 
reflected in an improved fit to the mobility 
curve. It should be pointed out, however, that 
the n,-d behaviour can be fitted very well by 
model III, as shown by the theoretical curve III 
in Fig. 2, whereas models I and II predict ns 
values approximately 20% higher (curve I). 

The similarity of the mobility curves II 
and III arises from two factors which become 
significant at wider spacer thicknesses, namely 
(a) the scattering rate from the charges in the 
surface depletion layer is actually greater than 
for those in the near-interface depletion region, 
and (b) the scattering from the latter region 
becomes only weakly dependent on the effective 
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doping level in the (Al,Ga)As; these effects will 
also be considered more fully in a subsequent 
publicationl6. 

5. Conclusions 

We have demonstrated that the gradual 
improvement in the quality of MBE-grown GaAs and 
(Al,Ga)As as the system cleans up, following a 
reload, is reflected in higher values of mobility 
for 2DEG structures. The dependence of the 
mobility on the structural parameters of the 
device can be qualitatively understood as 
resulting from a combination of scattering 
processes, i.e. by remote and background 
impurities, and by acoustic phonons. Quantit- 
ative comparison with theory, however, shows 
that, in general, the experimentally observed 
mobilities are significantly higher than 
expected, even when a more realistic model, 
involving surface depletion and deep and shallow 
impurity levels, is used. 
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