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and hydrogen passivated Zn in
GaAs/AlGaAs specifically distinguished during
secondary ion mass spectrometry depth profiling
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Włodzimierz Strupiński,cd Sylwia Kozdra a and Paweł Piotr Michałowski a

A precise control over the depth distribution of major, minor and trace elements in a structure is crucial for

practical applications of semiconductors. Thus, reliable characterization tools capable of measuring depth

distribution of electrically active impurities are essential to advance currently existing growth technologies.

Secondary Ion Mass Spectrometry (SIMS) is frequently used to measure depth profiles of impurity atoms;

however it provides only total elemental concentration distribution. In contrast techniques capable of

measuring dopant profiles typically omit information concerning electrically inactive impurities. In this

work, we propose a method for obtaining quantitative profiles of both active and hydrogen-passivated

(inactive) zinc in a GaAs/AlGaAs sample using Ultra Low Impact Energy SIMS (ULIE-SIMS). The key to the

procedure is the ability of ULIE-SIMS to measure complex As3Zn and hydrogen signals. The zinc–arsenic

signal is a marker of the active Zn profile, whereas the hydrogen signal delivers information about the

hydrogen-passivated impurity profile. Annealing of the sample provides further validation of the method

as the observed increase of active Zn and decrease of passivated Zn signals is associated with hydrogen

escaping from the sample surface. The presented approach can potentially be used in optimization of

growth processes and controlling the level of impurity activation in semiconductor materials.
1 Introduction

The presence of impurities is a key technological aspect of
semiconductor based devices, both from the positive and
negative point of view. Introduced atoms signicantly affect
their electrical properties, e.g. species incorporated into the
lattice determine the type of conductivity and the doping level
affects the free carrier concentration. Unintentionally intro-
duced atoms (contamination) usually deteriorate parameters of
a device. However, the doping process is far from trivial as its
efficiency may be impaired by impurities which are electrically
inactive. Introduced atoms may occupy sites different than
substitutional sites, e.g. interstitial sites and furthermore they
may form neutral complexes with atoms in the lattice, other
impurities and native defects. Practical applications of semi-
conductor materials require precise and reproducible determi-
nation of the spatial distribution of dopants in the structure.
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Moreover, insight into reliable impurity proles – both their
active and inactive part - is important from the point of view of
fundamental investigations and understanding of sample
growth mechanisms. Many methods for obtaining impurity
concentration proles are available and commonly used, e.g.
Spreading Resistance Analysis (SRA),1–6 Stripping Hall (SH),7–11

Secondary Ion Mass Spectrometry (SIMS)12–19 and Electro-
chemical Capacitance-Voltage proling (ECV).20–25 Each method
carries different information, and has its advantages but also
limitations and drawbacks. SRA and SH provide carrier
concentration distribution. Both methods are based on resis-
tivity measurements, thus requiring knowledge of mobility. SRA
relies on mobility models whereas SH yields mobility using Hall
measurements.26,27 Hall measurements combined with
modeling and theoretical calculations are also a valuable tool in
determining factors limiting the conductivity of the
samples.28,29 In contrast standard dynamic SIMS is a surface
sensitive method based on the chemical composition of the
samples and provides depth proles of all impurities including
active and inactive parts. The ECV proling allows for directly
obtaining the concentration proles of all carriers present in
a structure. Typically when the doping level is relatively high
this approximately corresponds to the dopant concentration.
Thus, ECV proles in many cases can provide more useful
information than SIMS measurements. However, in the ECV
method the etch prole has to be measured aer proling
This journal is © The Royal Society of Chemistry 2021
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which may introduce considerable error. SIMS measurements
include the inactive part of introduced atoms in concentration
proles; however, there have been no reports of the separation
of such an inactive impurity prole from the total impurity
concentration distribution. Nonetheless SIMS measurements
can be useful when all impurity atoms are ionized and the total
chemical concentration approximately corresponds to the
dopant concentration.30–34

Zinc is one of the most common p-type dopants in GaAs and
AlGaAs.35–37 This is due to its high solubility and low ionization
energy.36 Furthermore Zn precursors are easy to handle and
homogeneous doping can be easily achieved.35 Zinc diffusion
coefficient in GaAs is a concentration dependent function
which behaves differently depending on the dominating diffu-
sion mechanism.38–40 Zinc atoms introduced into the A(III)–B(V)
lattice are electrically activated mostly by substituting at III
group element sites and thus by binding with V group elements.
Over the years many reports about the passivation of II-group
element impurities in A(III)–B(V) materials using hydrogen
have been made.41–46 In the case of the Zn atom in GaAs
hydrogen in neutral complexes is bonded to arsenic in the close
vicinity of the acceptor atom.41,43Hydrogen compounds are used
in the technological process of the growth of doped A(III)–B(V)
type materials using the Metal–Organic Chemical Vapor Depo-
sition (MOCVD) method. Therefore, parasitic hydrogen may
appear in the sample and passivate introduced impurities. The
huge advantage of standard SIMS depth proling is its capa-
bility to measure quantitatively the distribution of hydrogen in
the sample.47

Using Ultra Low Impact Energy SIMS (ULIE-SIMS) recently
has contributed to the development of the capabilities of SIMS
measurements. The ULIE-SIMS method allows us not only to
reach subnanometer depth resolution but also to probe the
chemical state of the sample during proling.48 In our recent
work we have shown the possibility of getting qualitative
information about bonds present in the sample.48 In this paper
we apply the ULIE SIMS method in investigations of activation
and passivation of Zn in the GaAs/Al0.3Ga0.7As:Zn/GaAs struc-
ture. We propose a method for obtaining information about the
active Zn prole and hydrogen passivated Zn prole in the
GaAs/Al0.3Ga0.7As:Zn/GaAs structure using ULIE SIMS which
may be benecial in optimization of the growth process and
controlling the level of impurity ionization.

2 Materials and methods
2.1 Sample preparation

Epitaxial layers of GaAs/Al0.3Ga0.7As doped with Zn were grown
on 3-inch diameter n-type GaAs substrates with exact orienta-
tion (100). Growth by MOCVD was performed in an AIX 2800 G4
low pressure horizontal laminar ow reactor with a 12 � 300

conguration. This enables the creation of atomically engi-
neered epitaxial layers of binary, ternary and quaternary III–V
compound semiconductors with a wide range of doping
concentrations. It is tted with a horizontal laminar ow
reactor, which ensures precise heterojunctions and unrivalled
control of the deposition rates at the monolayer level. This
This journal is © The Royal Society of Chemistry 2021
principle coupled with the multiple rotation of substrate
carriers guarantees excellent deposition homogeneity regarding
layer thickness, composition and doping. Trimethylgallium
(TMGa) and trimethylaluminum (TMAl) were used as III-group
sources and arsine (AsH3) as the group-V source. The growth
temperature was 660 �C. For p-type doping, a Diethylzinc
(DEZn) precursor was used. Precise doping is realized thanks to
in situ mixing of DEZn with Pd-puried hydrogen used in the
epitaxial process as a carrier gas. The AlGaAs chemical
composition was assessed by the photoluminescence method
(PL) in mapping mode and crossed-checked by X-ray diffraction
against PL. Thickness and growth rate were calibrated using
SEM cross-section analysis together with in situ reectometry.
The purity of the undoped epitaxial layers was tested by
measuring by the Hall method achieving the concentration level
of n-type contaminations as (1–2)� 1014 atoms per cm3 whereas
doped samples were investigated by means of the electro-
chemical capacitance–voltage technique.
2.2 ECV

The doping prole was measured using a Wafer Proler CVP21
by Electrochemical Capacitance Voltage Proling (ECV-
Proling, CV-Proling). An interface to the semiconductor
surface is formed by an electrolyte, which wets an area of 1 mm2

and is bound by a sealing ring. Under reverse voltage this
interface acts like a Schottky-like contact, and with the usual CV
technique the concentration of charge carriers in n- and p-
doped semiconductors can be evaluated.49 The semiconductor
is etched by pressing hole carriers against the semiconductor
surface, where these holes “release” valency electrons of the
atoms, so that the semiconductor atoms move into the elec-
trolyte in the positive ionisation state (freed from their valence
electrons). For the p-doped surface, voltage is used to push hole
carriers to the surface. For the n-doped surface, the hole carriers
are generated by illuminating the interface with UV light,
whereby the Schottky-surface is operated under reverse voltage
(thus then the intrinsic electric eld of the surface depletion
layer pushes the generated hole carriers to the surface. Fortu-
nately for ECV etching, this “intrinsic electric depletion eld”,
in the case of n doped layers, has the correct polarity for this
task (surface negatively doped). The doping prole of the
semiconductor surface layer is evaluated by alternating
measurement steps and etch steps. The entire measuring
process is controlled by soware so that the prole can be
determined fully automatically. The electrolyte used was 0.1 M
EDTA (Titriplex III) dissolved in a solution of 5% ethyl diamine
in deionized water. With a fully digital measuring bridge the
admittance of the depletion zone at the surface of the semi-
conductor is determined in the frequency range of 1-50 kHz by
a 4 wire method (thus minimizing the inuence of the semi-
conductor contact resistance, or the electrolyte resistance). An
equivalent circuit diagram with consideration of series resis-
tance and parallel resistance is used to calculate the capacitance
of the surface depletion zone from this measured admittance
with high accuracy and reliability. If the border of the depletion
layer in the semiconductor is assumed to be sharp and the
J. Anal. At. Spectrom., 2021, 36, 178–184 | 179
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semiconductor material is assumed to be homogeneous, the
measured capacitance C depends on the applied voltage V,
whereas 1/C2 depends on the carrier concentration.
2.3 SIMS

In this work all SIMS measurements were performed employing
a CAMECA SC Ultra instrument under ultra-high vacuum
(UHV), usually of 4 � 10�10 mbar. The Cs+ primary beam was
rastered over 150 � 150 mm2 (the analysis area was limited to
100 � 100 mm2). The positive ion detection mode was used in
most experiments and thus all species were measured as CsX+

cluster ions and point-to-point normalized to Cs+ signals. The
intensity of the primary beam was 5 nA and the impact energy
was 150 eV. For hydrogen proling the detection mode was
switched to negative and the H� species was measured. The rest
of the parameters remained the same. To increase the sensi-
tivity titanium pre-sputtering was employed prior to the
hydrogen proling50 and the background level was reduced to 7
� 1017 atoms cm�3. Zn, H and As3Zn signals were calibrated. For
the former two standard reference samples were used: clean
substrate ions implanted with zinc and hydrogen, respectively.51

As3Zn signal calibration was based on ECV results: the total
number of counts and hole concentration were integrated for
depths 100–500 nm (surface was intentionally omitted as ECV is
not reliable for a surface region) and direct proportionality
between these two values was assumed. The calculation of total
doses of Zn an H along with uncertainties was based on eight
different measurements.
3 Results and discussion

Fig. 1 shows the depth prole of the GaAs/Al0.3Ga0.7As:Zn/GaAs
structure obtained by the Secondary Ion Mass Spectrometry
(SIMS) technique. SIMS measurements reveal natural division
into three regions depending on the content of individual
Fig. 1 Depth profile of the GaAs/Al0.3Ga0.7As:Zn/GaAs structure
measured by SIMS using Cs+ primary ions of energy 150 eV. All species
were measured as CsX+ cluster ions and point-to-point normalized to
Cs+ signals. The quality of grown heterostructure layers is high,
however visible diffusion of the nonuniform Zn profile into deeper
regions of the sample occurs.

180 | J. Anal. At. Spectrom., 2021, 36, 178–184
components. In the rst area near the surface, the intensity of
Ga and As signals stays approximately constant in contrast to
the concentration of aluminum which is increasing with depth.
Furthermore in the third region in Fig. 1 decreasing of
aluminum can be observed. Thus, the technological method of
growth is burdened with inaccuracy leading to incorporation of
the GaAs structure with Al atoms in the vicinity of Al0.3Ga0.7As.
In the second region between (20–510) nm, the Al0.3Ga0.7As
structure is clearly present on the grounds of lowering of Ga
signals and establishing of constant Al, Ga, and As ratios. In the
growth process only Al0.3Ga0.7As was doped with Zn atoms,
however the Zn prole shows clear diffusion of impurity atoms
into the third region of the sample. Zinc distribution shown in
Fig. 1 is a typical diffusion prole observed for this impurity in
gallium arsenide.36,52 SIMS is usually used to measure the
elemental composition of the investigated sample providing its
depth prole which carries information about the concentra-
tion distribution of impurity atoms (Fig. 1), whereas the elec-
trochemical capacitance–voltage proling technique enables
obtaining the concentration of all carriers (including electrically
active impurities) as a function of sample depth. The results of
ECV measurements performed on the GaAs/Al0.3Ga0.7As:Zn/
GaAs sample are shown in Fig. 2. For many materials a vast
majority of impurity atoms are electrically active and thus the
electrochemical capacitance–voltage proling technique and
secondary ion mass spectrometry measurements can be used
interchangeably. In this case, however, we have found signi-
cant discrepancies between these two techniques (Fig. 1 – green
curve and Fig. 2). Comparison of these curves shows that they
have different shapes although the order of magnitude of the
concentrations (1018 cm�3) obtained from both methods is
similar. SIMS measurements globally reveal a higher concen-
tration (up to 6 � 1018 cm�3) than ECV results (up to 2 � 1018

cm�3) which may suggest that some Zn atoms in the sample are
electrically inactive. However, standard SIMS measurements do
not allow a distinction between active and inactive impurities.
Fig. 2 Carrier concentration measured by the ECV method. The
electrolyte used was 0.1 M EDTA (Titriplex III) dissolved in a solution of
5% ethyl diamine in deionized water.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Comparison of the concentration of Zn obtained by SIMS
before and after annealing.
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In our previous work48 we have shown that for ultra low impact
energy primary ions SIMS measurements can provide qualita-
tive information about the chemical state of the proled
material – for such low impact energy (90–150 eV) primary ions
carry too little energy to effectively break strong covalent bonds
and thus the probability to sputter larger species is higher.
Impurity atoms introduced in III–V type materials activate
mostly by substituting at III-group element sites in the lattice,
thus it can be assumed that zinc atoms are essentially electri-
cally active when covalently bonded with arsenide. Hence it
should be possible to measure dopant atom distribution by
monitoring the As3Zn prole obtained with ultra low impact
energy SIMS. It is important to emphasize that the rate and
range of energy transfer depends on the density of the medium
and can affect the measurement results. The difference between
the applied impact energy (150 eV) and the As–Ga bond disso-
ciation energy (202.5 [kJ mol�1] z 2.099 [eV])53 shows that it
may be possible to release very fragmented structures. Impor-
tant parameters that characterize the crystal lattice are electro-
negativity and the atomic radius of the components. Hydrogen
atoms as impurities could incorporate into the GaAs/AlGaAs
structure in which some Ga atoms (136 pm) were replaced by
Zn atoms (142 pm). Due to their small radius (53 pm), hydrogen
atoms may be incorporated into the lattice structure and
disturb its packing and increase the density. It can be hypoth-
esized that energy supplied during SIMS measurements by
cesium cations to a material with the density increased by
hydrogen passivation, can cause intense fragmentation higher
than in the case of less dense – unpassivated structures, which
was considered based on the physical properties of the atoms –
components of the structure. The results presented in Fig. 3
show that in this case the shape of the obtained prole is in
a good agreement with ECV measurements (Fig. 2) conrming
the validity of the performed experiment. Hence, the SIMS
prole of Zn corresponds to the concentration of all impurity
atoms while the As3Zn prole reveals information about the
distribution of active impurity centers.
Fig. 3 Distribution of active Zn measured by SIMS using ultra low
impact energy. Shape of the obtained profile is in good agreement
with ECV measurements.

This journal is © The Royal Society of Chemistry 2021
To study the effect even further we have repeated SIMS experi-
ments for the sample annealed at 650 �C for half an hour. Changes
of material properties under high temperature conditions are
signicant factors when considering technological procedures
used inmanufacturing of electronic appliances. Comparison of the
concentration distribution of Zn before and aer annealing (Fig. 4)
shows diffusion of Znmanifested by its increased concentration in
the vicinity of the exterior surface and towards the GaAs substrate.
The total concentration (dose) of Zn atoms before and aer
annealing is in excellent agreement with each other reaching (2.267
� 0.012)� 1015 at. per cm2 and (2.270 � 0.012)� 1015 at. per cm,2

respectively. Fig. 5 shows the concentration distribution registered
for As3Zn proles using ultra low impact energy SIMS before and
aer the annealing process. The number of As3Zn species has
increased aer annealing which is especially evident in the area
neighboring the surface but also noticeable for larger depths.
Hence the concentration of active Zn is higher aer exposure to
high temperatures in contrast to the total Zn prole which has
Fig. 5 Comparison of the concentration of Zn obtained by SIMS
before and after annealing.

J. Anal. At. Spectrom., 2021, 36, 178–184 | 181
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maintained a constant dose aer annealing. The dose of active Zn
before annealing reaches only 40% of the total Zn dose and
increases to 47% of its value aer the annealing process. Despite
the increase of the dopant concentration, a large number of Zn
atoms remain inactive. Hence, the concentration of total Zn
present in the sample C(Zntotal) consists of two parts – electrically
active and inactive zinc. A well-recognized reason for the passiv-
ation of the zinc dopant in III–V type materials given in the liter-
ature is hydrogenation.41–46 Thus, inactive contribution to C(Zntotal)
may be described as the sum of concentrations of hydrogen
passivated atoms C(ZnHpassivated) and those remaining inactive for
other reasons C(Zninactive):

C(Zntotal) ¼ C(Znactive) + C(ZnHpassivated) + C(Zninactive)

The decrease of active Zn under hydrogen-rich conditions is
due to the formation of neutral Zn–H complexes. Therefore it
Fig. 6 Hydrogen profiles measured by SIMS before and after
annealing.

Fig. 7 Comparison of the total Zn profile measured directly by SIMS wit

182 | J. Anal. At. Spectrom., 2021, 36, 178–184
may be assumed that the concentration of passivated Zn is
proportional to the concentration of hydrogen:

C(ZnH) ¼ aC(H),

where a is the proportionality coefficient. Hence hydrogen
proles may provide qualitative information about the distri-
bution of passivated Zn. Fig. 6 shows hydrogen proles
measured by SIMS before and aer annealing. The dose of
hydrogen decreases aer exposure to high temperatures to 62%
of its initial value, which is due to escaping of H atoms from the
surface. Thus, fewer hydrogen atoms have been involved in
forming neutralized complexes with impurities and conse-
quently the dose of active Zn has increased (Fig. 5). Fig. 7a and
b presents a comparison of Zn proles obtained directly by
SIMS measurements and indirectly by adding concentrations of
electrically active and hydrogen passivated Zn. In order to
qualitatively estimate the compatibility of both proles
the proportionality coefficient a ¼ 1 was taken to attain the
ZnH

passivated concentration distribution. For depths smaller than
600 nm shapes of curves in Fig. 7a are in good agreement
suggesting that presence of hydrogen is the main reason for Zn
passivation in this area. Furthermore, other factors which may
suppress the concentration of active Zn such as native defects
have almost a negligible inuence in the prole appearance.
The intensity of the prole obtained by summation is higher
than the directly measured Zn prole in consequence of only
qualitative estimation of the hydrogen passivated Zn concen-
tration. Fig. 7b shows the comparison of Zntotal proles result-
ing from both methods obtained aer the annealing process.
The compatibility of the proles has been maintained on a high
level affirming the validity of the summation approach. Not all
hydrogen atoms have been involved in the passivation process
thus, to obtain amore quantitative picture, an appropriate value
of coefficient a < 1 should be included. However comparison of
hydrogen and active Zn aer annealing measurements reveals
that the decrease of hydrogen dose and the increase of the active
h sum of passivated and active Zn profiles (indirect method).

This journal is © The Royal Society of Chemistry 2021
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Zn dose are of the same order of magnitude (0.35 � 1015 at. per
cm2 and 0.16 � 1015 at. per cm2 respectively) which indicates
that a signicant number of escaping hydrogen atoms origi-
nated from neutral hydrogen–zinc complexes. In deeper regions
Zn proles in Fig. 7a (>600 nm) and Fig. 7b (>450 nm) exhibit
considerable discrepancies; however, this can be explained by
much lower detection limits of the indirect method.

4 Conclusions

We have shown that ultra low impact energy SIMS can be a valid
source of information about activation and passivation of Zn in
III–V type materials. Using such a low primary ion beam energy
guarantees sub-nanometer depth resolution hence the method
can be applied to ultra thin lms. The presented approach
allows us to make a distinction between active and inactive
impurity atoms extending standard capabilities of the
Secondary Ion Mass Spectrometry method. An important
conclusion obtained from SIMS zinc proles is that a signicant
amount of Zn is electrically inactive. Furthermore, hydrogen
passivation is clearly the most signicant factor suppressing Zn
activation in the investigated sample. By engaging the indirect
method based on SIMSmeasurements of the hydrogen prole it
is possible to gain qualitative information about passivated Zn
distribution. The applied technique can be a valuable tool for
the depth proling of doped semiconductor materials.
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