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For modern semiconductor heterostructures containing multiple populations of distinct carrier species, conventional Hall
and resistivity data acquired at a single magnetic field provide far less information than measurements as a function of mag-
netic field. However, the extraction of reliable and accurate carrvier densities and mobilities from the field-dependent data
can present a number of difficult challenges, which were never fully overcome by earlier methods such as the multi-carrier fit,
the mobility spectrum analysis of Beck and Anderson, and the hybrid mixed-conduction analysis. More recently, in order to
overcome the limitations of those methods, several research groups have contributed to development of the quantitative mo-
bility spectrum analysis (QMSA), which is now available as a commercial product. The algorithm is analogous to a fast Fou-
rier transform, in that it transforms from the magnetic field B domain to the mobility u domain. QMSA converts the
field-dependent Hall and resistivity data into a visually-meaningful transformed output, comprising the conductivity density
of electrons and holes in the mobility domain. In this article, we apply QMSA to both synthetic and real experimental data

that are representative of modern semiconductor structures.
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1. Introduction

Modern multilayer semiconductor structures usually con-
tain multiple populations of distinct carrier species; thus, in
order to characterise their transport properties, a more so-
phisticated analysis procedure than the classic Hall mea-
surement at a single magnetic field is required. Such proce-
dures have traditionally consisted of a multi-carrier fit
(MCF) to the magnetic field dependent Hall data which,
however, is not unique since the starting parameters such
as number and type of carriers, and corresponding mobili-
ties and densities need to be assumed [1,2]. In order to
overcome this difficulty Beck and Anderson developed the
mobility spectrum (MS) algorithm which numerically
transforms the experimental magnetic field dependent Hall
data into an easily interpreted plot of the dependence of the
conductivity density function on mobility [3], in which
each carrier contributing to the total conductivity appears
as a separate peak at a given mobility. However, the condi-
tion for MS uniqueness is that its solution is the envelope
rather than the true mobility spectrum and, as such, is inac-
curate. Subsequently, Meyer et al. [4] proposed a hybrid
approach in which the qualitative information contained in
the MS is used to obtain starting parameters for the more
accurate MCF procedure, albeit requiring a discrete value
for each carrier mobility rather than allowing for a distribu-
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tion of mobilities as proposed in the original MS technique
[3]. An iterative approach to obtaining a numerically accu-
rate MS was proposed by Dziuba and Gorska [5]. How-
ever, the shortcoming of this procedure is the inherent in-
stability during the convergence process, which creates
false peaks and oscillations in the final spectrum.

Based on previous attempts to obtain an accurate MS,
an approach described by Antoszewski er al. [6], and
known as quantitative mobility spectrum analysis (QMSA),
has been developed and then systematically tested and im-
proved [7—14]. By using the MS of Beck and Anderson as
an initial function for a modified iterative procedure the in-
herent instability of previous iterative procedures is re-
moved and a good fit to the experimental data is obtained.
In this paper, we present and discuss the performance of
QMSA for evaluating multilayer semiconductor structures.

2. Multi-carrier systems

For a Hall sample involving more than one type of carrier, the
longitudinal and transverse conductivity tensor components
Oxx and Oyy, respectively, can be expressed as a sum over the
m species present within the multi-carrier system [3]
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where B is the applied magnetic field in the z direction,
Ry(B) and p(B) are the experimental magnetic field de-
pendent Hall coefficient and resistivity, respectively, n; and
u; are the concentration and mobility of the i carrier spe-
cies, respectively, and S; is +1 for holes and —1 for elec-
trons. It is primarily the (1 + #?B?) terms in the denomina-
tors of Eq. (1) which separate the contributions from the
various carrier species. Note that the above system of equa-
tions implicitly assumes m distinct carrier species having m
discrete mobilities, that is, no broadening of the distribu-
tion of mobilities associated with a particular carrier spe-
cies is allowed.

The starting point for the QMSA procedure is to allow
for the existence within the semiconductor sample of a
semi-continuous mobility distribution of hole-like and elec-
tron-like species [5]. Equation (1) can thus be rewritten as
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where s"(u;) and sP(u;) are the conductivity density func-
tions, i.e., the mobility spectra for electrons and holes, re-
spectively, and the parameter m now defines the number of
points in the final mobility spectrum rather than the number
of carrier species as in Eq. (1). The QMSA uses the nor-
malised MS envelope as an initial spectrum (first trial func-
tion) in order to solve Eq. (2) through an iterative proce-
dure [5,6]. The resulting spectra allow the carrier concen-
tration and mobility to be evaluated for each carrier spe-
cies.
The salient features of the QMSA procedure are:
* unlike the MCF procedure, no prior assumptions need
to be made about carrier number and type,
e unlike the Beck and Anderson MS, the resulting spec-
trum is numerically accurate,
e the QMSA procedure is fully automated and numeri-
cally stable, and
e it allows for a distribution of mobilities for each carrier

type.

3. Application of QMSA to synthetic data sets

In order to verify the ability of QMSA to transform experi-
mental Hall data into meaningful mobility spectra, syn-
thetic data sets have been generated by substituting as-
sumed mobility spectra into Eqgs. (1) and (2). In order to
simulate experimental conditions, a 1% random error is
then superimposed onto the synthetic data. The maximum
magnetic field is taken to be 7 T, which is typical for super-
conducting laboratory magnets used in Hall systems. For
this value of B,,,, only carriers with mobility above 10%/7 T
= 1428 cm?/Vs are nominally “quenched” (uB = 1), and the
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extraction of quantitative information about carriers with a
lower mobility becomes more difficult.

In order to illustrate the ability of QMSA to reconstruct
a peak-broadening effect, we first consider synthetic spec-
tra in the form of a single gaussian peak with
full-width-at-half-maximum (FWHM) Au/u increasing
from 0.1 to 0.5, and total conductivity normalized to
I (Qcm)!. The simulated peak is positioned at
u = 103 cm?/Vs, which places this example in the more
challenging regime where the carriers are not fully
“quenched” by the maximum magnetic field. The resulting
QMSA spectra are shown in Fig. 1. Note that the shape
(broadening) of the peak is reconstructed with high accu-
racy, even though uB < 1.
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Fig. 1. Reconstruction of a single carrier peak for full width at half
maximum to max. amplitude ratio (Au/u) equal to 0.1, 0.3, and 0.5.
Total conductivity is normalised to o= 1 Q ~lcm™!, centre mobility
u = 1000 cm?/Vs, and maximum magnetic field B,,,, = 7 T. Thin
and thick lines represent original and QMSA spectra, respectively.

The issue of spectral resolution becomes especially im-
portant in cases where two distinct carriers have similar
mobilities, as for example in a double layer compound-se-
miconductor structure with slightly different compositions.
In order to test QMSA in this regard, a synthetic distribu-
tion was assumed in the form of two closely-spaced elec-
tron peaks, with mobilities #; = 10* cm?/Vs and u, variable
in the range (1.5-3) x u; (see Fig. 2). For additional real-
ism, the distribution also contains holes with a peak mobil-
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Fig. 2. Separation of two electron peaks in the high-mobility region
with a low mobility hole carrier in the background, for u,/u; = 1.5,
2, and 3. Peaks with z; = 10* cm?/Vs represent high-mobility
electrons, while the third peak with s, = 400 cm?/V's corresponds to
possible background holes. The total conductivity of each peak is
normalised to o= 1Q~'em™!, and the maximum magnetic field is
B,,.x =7 T. The thin and thick lines represent original and QMSA
spectra, respectively (solid-electrons and dashed-holes).

ity of 400 cm?/Vs and Au/u = 0.5. Such a distribution could
represent, for example, an n-type layer (as-grown, or con-
verted from p-type by ion implantation) on top of a
low-mobility p-type layer, and with an additional surface
electron with slightly lower mobility. Figure 2 shows that
both electron peaks are somewhat resolved even when
Ur/u; = 1.5, whereas they are fully distinct for u,/u; = 3.
The hole peak is also reliably reproduced in all three cases,
despite the relation z;,B,,,. << 1.

The final synthetic example is more complicated,
namely a HgCdTe multilayer structure with layering simi-
lar to that of a dual-band infrared detector operating in both
the MWIR and LWIR ranges. Starting from the substrate,
the assumed structure consists of the LWIR n-type layer
with x = 0.22, the wider bandgap p-type layer with
x = 0.35, the MWIR n-type layer with x = 0.3, and an
n-type surface with CdTe passivation. Details of the struc-
ture and the densities and mobilities for each layer are
given in Fig. 3. The solid thin curve is the assumed spec-
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trum, while the curves with filled and open points are the
QMSA spectra for electrons and holes, respectively. We
find that all of the assumed carrier species can be identified
with high accuracy in the QMSA spectrum, even though
the dominant contribution to the total conductivity (high
mobility LWIR electrons) is 25 times greater than the
smallest contribution (low mobility holes in the p-type
layer). The broad background around the MWIR electron
peak is a consequence of the close spacing of the LWIR
and MWIR features (the mobility ratio is 2.5), and also the
1% random error superimposed on the synthetic input data.

4. QMSA of real multilayer structures

Figure 4 presents the QMSA for an AlGaAs/GaAs HEMT
structure measured at room temperature and in the mag-
netic field range from 0.03 to 12 T. Two electron peaks are
clearly resolved: one with a density of 2.1x10'® cm™ and a
mobility of 1100 c¢cm?/Vs corresponding to the two n*
doped capping layers; and the other with a sheet density of
2.6x10!'" cm2 and a mobility of 7750 cm?/Vs which corre-
sponds to the 2D electron gas (2DEG) layer. The carrier
density of the capping layers appears to be more than one
order of magnitude less than the doping level specified in
the MBE growth procedure which indicates that almost all
the carriers have been transferred to the 2DEG residing at
the Alj;Gaj-As/GaAs interface. It should also be noted
that the rather low value of 1100 cm?/Vs for the capping
layer electron mobility is due to the fact that it is dominated
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Fig. 4. Mobility spectrum of AlGaAs/GaAs HEMT structure.
Contribution from 2DEG and capping layer can be identified.

by the heavily doped AlGaAs layer, which is much thicker
than the overlaying n* GaAs layer. In another example pre-
senting QMSA ability to resolve fine details of mag-
neto-transport, the mobility spectrum of a silicon J-doped
GaAs structure measured at two temperatures of 77 K and
297 K, respectively, is presented in Fig. 5. Peaks observed
in the spectrum have been assigned to successive quantum
levels with mobility increasing with the number of the
level [15].

Even more detailed information can be obtained from
systematic temperature analysis of mobility spectra as
shown in Fig. 6. By observing shifts of peaks with chang-
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Fig. 5. Mobility spectrum of Si-d-doped GaAs at two temperatures:
77 K and 297 K. The consecutive peaks have been identified as
contributions from different quantum levels.

ing temperature and changes in their amplitude the temper-
ature behaviour of each individual carrier can be obtained
as is shown in Fig. 7. In this case, as expected, the 2DEG
density shows no temperature dependence, a feature that
helps to identify this carrier species. The other carrier pres-
ents thermal activation behaviour and has been assigned to
bulk GaN layer. It is important to note the QMSA sensitiv-
ity since the contribution of the GaN layer to the total con-
duction is only of the order of few percent.
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Fig. 6. QMSA of AlGaN/GaN HEMT structure at room temperature and at 60 K. Two distinct peaks are visible representing the 2DEG at
the AlGaN/GaN interface and bulk GaN electrons.
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Fig. 7. Temperature dependent behaviour of carriers identified in
mobility spectra of AlGaN/GaN HEMT structure from Fig. 6.

5. Conclusions

The major benefits arising from use of the QMSA proce-
dure are that the technique is non-invasive and non-
destructive to the Hall test sample, and that it will readily
identify any “unexpected” carrier species which may not
have been accounted for in a MCF procedure. For exam-
ple, in a HEMT structure C-V electrochemical profiling is
inappropriate, since the invasive nature of the technique
modifies the 2DEG transport parameters as a function of
etch depth. On the other hand, QMSA allows the transport
parameters to be evaluated without the requirement for
modifying the original device structure. As a further ex-
ample, because no prior assumptions are required, mobil-
ity spectrum techniques can readily identify individual
carrier species occupying discrete energy levels in quan-
tum-confined structures. This has been demonstrated in a
previous publication on delta-doped structures [15],
where the individual levels have been identified. In such
cases, MCF would require that the number of discrete lev-
els at a particular temperature be known prior to attempt-
ing a fit to the Hall data. This would obviously require
some form of mobility spectrum to be determined in order
to decide on the number and type of carrier species to use
in the fitting procedure.

In this paper, the full applicability of quantitative mo-
bility spectrum analysis (QMSA) to multilayer structures
has been shown. In particular, without any prior assump-
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tions regarding the number and type of carriers, or their
densities and mobilities, QMSA is able to identify and
characterise all carriers contributing to the total sample
conductivity in an automated procedure requiring no hu-
man intervention. The comparison of QMSA results with
electro-chemical C-V profiling for the HBT sample indi-
cates that QMSA has the required accuracy to be used as an
industry-standard procedure. The QMSA procedure has
been developed to the commercial stage, and it is readily
available as stand-alone software or as part of an integrated
Hall system [16].
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