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2D-carrier profiling in narrow quantum wells by
a Schottky’ s current transport model based on
scanning spreading resistance microscopy
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Abstract: Current studies on the relationship between carrier concentration in nano-scale semiconductor structure
and its local conductance is mainly on parameters fitting. For above connection, existing models rely on artificial
fitting parameters such as ideal factor. For above reason, derivation of carrier concentration though measured local
conductance can not be done. In this work, we present a scheme to obtain the carrier concentration in narrow quan-
tum wells (QWSs). Cross-sectional scanning spreading resistance microscopy (SSRM) provides unparalleled spa-
tial resolution ( <10 nm, Capable of characterizing single QW layer) in electrical characterization. High-resolution
local conductance has been measured by SSRM on molecular beam epitaxy-grown GaAs/AlGaAs QWs cleaved sur-
face (110). Based on our experimental set-up, a model which describes conductance by the only argument, i. e.
carrier concentration has been built. Using the model, our implementation derived carrier concentration from SSRM
measured local conductance in GaAs/AlGaAs QWs ( doping level: 10'/cm® —10"/cm®). Relative errors of the
results are within 30% .
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Introduction

The electric and opto-electronic function of semicon-
ductor devices is normally realized by controllable doping
in well-designed band structures, thus the actual carrier
distribution is among those explicit information for space
radiation failure analysis as well as performance predic-
tion. Particularly, for quantum wells ( QWs) devices,
which have been widely adopted for light emission and
detection'*’. The carrier concentration has a direct im-
pact on their efficiency and leakage property. In recent
years, scanning spreading resistance microscopy ( SS-
RM) , which can be used to carry out electrical charac-
terization in nanometer scale, has emerged as a promis-
ing tool to profile the doping property in functional mate-
rials'”'. However, there are few SSRM studies on QWs
structures. At the same time, derivation carrier concen-
tration form SSRM measured local conductance is impera-
tive but has not been well realized.

Conventionally, to get reliable spreading resistance,
relatively large force (uN) is applied to keep a stable
tip-sample contact'*'*). For the highly doped area, this
leads to an ohmic contact between the metallic tip and
semiconductor that can be described by thermionic field
emission (TFE)!''. However, for those moderate or
lowly doped ones, which form a typical Schottky contact
with tips, TFE mode is no longer suitable. So far fitting
parameters are commonly introduced in order to repro-
duce the experimental results' "', Therefore, derivation
carrier concentration form detected SSRM local conduct-
ance has not yet been well realized.

Here, we present a scheme to get the carrier con-
centration in narrow QWs based on SSRM measure-
ment. The experimental parameters are delicately se-
lected to maintain Schottky contact between tip and
QWs. Thermionic emission (TE) is adopted as current
transport mechanism. The influence of carrier concen-
tration is represented as Schottky barrier lowering
through TFE and image force ( IMF) effects. Our
scheme is demonstrated to be capable of obtaining carri-
er concentration in GaAs/AlGaAs QWs with doping lev-
el from 10" em ™ t0 10" em ™.

1 Experiment

Epitaxial GaAs/AlGaAs QWs (n-type doping) were
grown on GaAs (001) substrate by molecular beam epi-
taxy (MBE) shown in Fig. 1. Carrier concentration of
each well varies in a wide range, i. e. n, (5 x 10"
em ™), n, (1 x10" em ™), ny;(5x10"7 em™) and n,
(1.5 x10"™ em ™), which covers the doping level for
most QWs based devices. All wells widths are 6nm. As
shown in Fig. 1, there are n-type doping GaAs electrode
layers with carrier concentration of 5 x 10”7 e¢m ™. For
this QWs, electron effective mass is 0. 063 m,(m, is e-
lectron rest mass ), relative dielectric constant is 12. 9
and effective density of states in conduction band is 4.3
x10"7 ¢m ™.

Basic principle of the experiment is to keep a Schot-
tky contact between SSRM tip and QWs during measuring
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Fig.1 N-type doping GaAs/AlGaAs QWs
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process. Therefore, the force applied between tip and
sample must remain small ( dozens of nN) , and the sam-
ple bias value should be set to less than 80% of the
Schottky barrier height (SBH). SBH can be initially,
crudely estimated by the work function difference be-
tween SSRM tip and QWs. In this case, the bias voltage
through tip on QWs is set to 0.9 V. Under such circum-
stances, to get stable and reliable detection signal, sam-
ple roughness must be in angstrom level and a sharp tip
with larger hardness than sample is demanded.

For cross-sectional SSRM characterization, a com-
mon electrode to connect all QWs must be made. Then,
we cleave the sample along (110) crystal orientation to
meet the sample roughness requirements of SSRM, which
must be in angstrom dimension. The measurement range
covers a wide value, from 10° Q to 10" Q.

After all the above preparation, SSRM measurement
can carry out on GaAs/AlGaAs QWs. Local conductance
distribution for each quantum well is shown in Fig. 2.
The ultimate limit of resolution in measurement is 10 "
A/V. The local conductance peak and FWHM ( full
width at half maximum) for each well is also shown in

Table 1.

Table 1 Local conductance peak and FWHM for each well
x1 SIETHHBERSIEESFIERELE

Quantum well Local conductance peak/ (A/V) FWHM/nm
n 7.87 x10 7" 11.0
0y 1.77x10 710 10.0
n3 9.84 x10 10 10.0
ny 3.23x107° 10.6

2 The model and derivation of carrier
concentration

SSRM tip and GaAs/AlGaAs QWs form a Schottky
contact """ Current transport mechanism between tip
and semiconducting QWs is called thermionic emission
(TE) ™%V As for highly doped, i.e. degenerate semi-
conductors at low temperature, the current comes from
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Fig.2 High resolution local conductance measured by SS-
RM on GaAs/AlGaAs QWs with measurement limit of
1077 A’V
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the tunneling of electrons with energies close to the Fermi
level in the semiconductors. This is called thermionic
field emission ( TFE) ). However, using TFE as
current transport mechanism in model, the results of der-
ivation carrier concentration for degenerate semiconduc-
tors deviate heavily from real results. In fact, (i) Exper-
iment temperature is relatively high, and most electrons
have enough energy to go over the top of the barrier. The
effect of tunneling is not predominant and the current
transport characteristic is more like TE'*'. (ii) Tunne-
ling of electrons is a quantization process. It is easy to be
affected by many factors. Impurities in semiconductors
and passivation cleaved surface have effect on the tunne-
ling process. (iii) In our experiment, SSRM tip and
QWs maintain a Schottky contact when the QWs are
highly doped. TFE is more often used to describe an
ohmic contact. In this case, for those highly doped semi-
conductors, we try to use TE as Schottky current trans-
port mechanism but take TFE as an Schottky barrier low-
ering mechanism. Besides, image force (IMF)'*) is al-
so considered as an SBH lowerlng mechanism. Then, the
results of derivation carrier concentration for non-degen-
erate and degenerate semiconductors are both in good a-
greement with real results, which we will show later.
Current density function for Schottky contact is shown in

Eq. 1.

J’]‘E - A" Tzexp(q((pB"O B A(plm B A(p'l'l-'ﬁ))
kT
(exp( )—1) , (1)
A* :4’“"Ih+k . (2)

where @, is the SBH between SSRM tip and QWs,
A®D .y 1s the decrease of SBH due to image force, A
is the decrease of SBH due to thermionic field emission,
T is experimental temperature, ¢ is unit charge, k is Bo-
ltzmann constant and V; is forward bias. A" is the effec-
tive Richardson constant shown in Eq.2, where m” is e-
lectron effective mass and & is Planck constant.

The two dominant SBH lowering mechanism A@®

and A@; are shown in Eqs. 34 respectively.
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where g_ is relative dielectric constant of semiconductor,
N is carrier concentration of semiconductors and @ is
the energy level difference between conduction band min-
imum and Fermi energy level of semiconductors. If we
consider that local conductance peak is o, current densi-
ty is Jy and the maximum contact area of SSRM tip-
quantum wells is S, we have Eq. 6 below.

_ Jwg xS
= 5= (6)

In Fig. 3, circles represent the contact area of SS-
RM tip-quantum wells and barriers, and R represents the
radius. d is the width of quantum well. On the left side
of Fig. 3, the contact area of SSRM tip-quantum wells
reaches the maximum, S in Eq. 7, which corresponds to
the local conductance peak. On the right side of Fig. 3,
the SSRM tip travels a distance of k and local conduct-
ance reaches half of its peak. Here, the contact area of
SSRM tip-quantum wells Sh in Eq. 8, is half of its maxi-
mum S, which corresponds to the FWHM of local con-
ductance. Via S =2Sh, we can get R, i.e. S in Eq. 6.

S = 2Raresin (L . &
= arcs1n(2R)+d R S (7)

Ll

Sh = R*arccos(

2 d
) - (k- 5)

Fig. 3  Illustration shows the contact situation between
SSRM tip and QWs. On the left, contact area of SSRM
tip and quantum wells reaches maximum, and local con-
ductance reaches maximum as well. On the right, con-
tact area of SSRM tip and quantum wells is half of its
maximum, and local conductance is half of its peak.
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As we mentioned before, initial value of SBH can
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be estimated by the work function difference between SS-
RM tip and QWs. However, the real SBH value should
be derived for our model. Firstly, a current-voltage curve
can be measured on same kind of material ( GaAs in this
case) with known carrier concentration. Then, SBH can
be derived by fitting the current-voltage curve by equa-
tion. given in Eq. 1. Via Egs. 1-2, a model relating QWs
carrier concentration and local conductance is built. A
carrier concentration-local conductance curve can be cal-
culated by the model. Finally, with the measured local
conductance of QWs, the carrier concentration of QWs
can be derived through the curve.

To optimize our model, calculation will be complex
and huge. Therefore, the above equations were compiled
in C + + language so that modules in program would be
tuned and recombined easily.

SSRM measurement on local conductance of GaAs/
AlGaAs QWs has been performed in Sect. 1. Local con-
ductance peak and FWHM for quantum wells n;, n,, n,
and n, are listed in Table 1. As we discussed in Eq.
(8), FWHM =2k. All quantum well widths are 6 nm.
By means of Eq. 7, Eq. 8 and S =2S5h, we calculated
that R almost maintains at 6.6 nm, although 2k changes
from 10.0 nm to 11.0 nm. Then, S=8.22 x10""7 m’.
The SBH between SSRM diamond coated tip and QWs is
derived to be @, =1.178 €V, by current-voltage rela-
tionship measuring and fitting on n-type doping GaAs e-
lectrode layers with carrier concentration of 5 x 10"

-3
cm .

With above equations and parameters compiled in
C + + language, a carrier concentration-local conduct-
ance relationship curve is calculated, shown in Fig. 4.
For comparison, we calculate the relationship curve by
the TFE model as well. The curve calculated by TFE
model has a typical ohmic contact character, while curve
by our model reflects a Schottky behavior''".

Based on the SSRM measured local conductance
peak of each quantum well, carrier concentration for
each well is determined through the curve calculated by
our model, which is shown in Table 2. Relative error of
the result is less than 30% . Results from the curve cal-
culated by TFE model are also shown in Table 2 and rel-
ative errors are very large. With the optimizing on both
experiment and our model, the relative error can be fur-
ther decreased.

3 Summary

We introduced a novel methodology to obtain the
carrier concentration in narrow QWs. Base on existing
studies of parameter fitting between carrier concentration
and measured local conductance for thin films, we built a

By our model
By TFE model

1E17 1E18

Carrier concentration/cm™

Fig. 4  Calculated relationship curve between carrier
concentration and local conductance on GaAs/AlGaAs
QWs mentioned in Sect. 1. Blue solid line represents
that curve is calculated by our model and red dash line
represents that curve is calculated by the TFE model
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model in view of the actual current transport mechanism
of Schottky contact. With all experimental parameters
and theoretical formulae programmed in C + + language,
the model has been optimized. Through the carrier con-
centration-local conductance curve calculated by the
model, carrier concentration in each GaAs/AlGaAs
quantum well can be derived via SSRM measured local
conductance.

This scheme provides a universal carrier concentra-
tion detection method for narrow QWs with the width in
nanometers. In particular, for semiconductor quantum
well with narrow gap, unintentionally doped QWs, indi-
rect doping in barriers QWs and coupled quantum well
(CQW) , this high-resolution and nondestructive scheme
has a great advantage. Cross-sectional SSRM measure-
ment is unaffected by other functional areas, therefore,
this scheme is suitable for carrier concentration detection
in selected quantum well layer of QWs with complex ma-
terial structures. The scheme is non-consumptive, detec-
tion can be repeatable and the scheme is non- destruc-
tive.
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