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ABSTRACT

Most semiconductors exhibit a saturation of free carriers when heavily doped with extrinsic dopants. This carrier saturation or “doping limit”
is known to be related to the formation of native compensating defects, which, in turn, depends on the energy positions of their conduction
band minimum and valence band maximum. Here, we carried out a systematic study on the n-type doping limit of GaAs via ion implantation
and showed that this doping limitation can be alleviated by the transient process of pulsed laser melting (PLM). For
n-type doping, both group VI (S) and amphoteric group IV (Si and Ge) dopants were implanted in GaAs. For comparison, p-type doping
was also studied using Zn as the acceptor. Implanted dopants were activated by the PLM method, and the results are compared to rapid
thermal annealing (RTA). Our results reveal that for all n-type dopants, while implantation followed by the RTA results in a similar saturation
electron concentration of 2–3 × 1018 cm−3, the transient PLM process is capable of trapping high concentration of dopants in the substitu-
tional site, giving rise to a carrier concentration of >1019 cm−3, exceeding the doping limit of GaAs. However, due to scatterings from point
defects generated during PLM, the mobility of n-type GaAs after PLM is low (∼80–260 cm2/V s). Subsequent RTA after PLM (PLM+ RTA)
is able to remove these point defects and recover the mobility to ∼1000–2000 cm2/V s. The carrier concentrations of these PLM+ RTA
samples are reduced but are still a factor of 3 higher than RTA only GaAs. This can be understood as the dopants are already incorporated in
the substitutional site after PLM; they are less likely to be “deactivated” by subsequent RTA. This work is significant to the understanding of
doping mechanisms in semiconductors and provides a means for device applications, which require materials with ultra-high doping.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0190600

INTRODUCTION

Functionalities of semiconductors depend critically on their con-
trollable conductivity through doping. However, the “dopability” of
some semiconductors is severely limited as their free carrier concen-
tration exhibits a saturation when the dopant concentration is high.
This doping limitation is related to the positions of their conduction
minimum (CBM) and valence band maximum (VBM), which affect
the formation energies of native defects.1–7 Consequently, the

fundamental mechanisms that lead to the practical doping limits in
semiconductors continue to be a subject of current interest. In
general, the “doping limit” refers to a maximum carrier concentra-
tion, which corresponds to a maximum Fermi level position
(EF,max). When the doping exceeds this concentration, simultane-
ous the formation of compensating native defects occurs, which
limits the carrier concentration.7 Walukiewicz developed a phe-
nomenological model, the amphoteric native defect model (ADM),
which relates formation energies of donor and acceptor native
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defects to the location of the Fermi level EF with respect to the
Fermi level stabilization energy EFS.

8 EFS is EF at which the forma-
tion energies of native donor and acceptor defects are equal and
was found to be constant for all semiconductors located at ∼4.9 eV
below the vacuum level (Evac). When a semiconductor is doped
with increasing dopant concentration, the electron (hole) concen-
tration increases so that the EF moves above (below) EFS. As a
result, the formation energy of compensating native acceptor
(donor) defects decreases and eventually becomes energetically
more favorable, hence limiting the doping efficiency. Consequently,
the electron (hole) concentration saturates toward a maximum elec-
tron (hole) concentration. The ADM has been shown to provide
qualitative predictions of the maximum free electron (hole) concen-
tration nmax (pmax) achievable by doping, corresponding to EF,max at
∼1 eV above (below) EFS in a wide variety of III–V9,10 and
II–VI9,11–14 semiconductors. In essence, this suggests that semicon-
ductors with the CBM (VBM) located close to EFS can be easily
doped n-type (p-type). For most wide gap metal oxides, such as ZnO,
CdO, and In2O3, their CBM is ≲0.5 eV above, while the VBM is
>2.5 eV below EFS, which makes them easily doped n-type to a high
electron concentration (>1020 cm−3), but their p-type doping is very
difficult, if not impossible.9,14,15

The position of the CBM and VBM of GaAs with reference to
Evac is ∼− 4.07 eV (∼EFS + 0.83 eV) and −5.5 eV (EFS− 0.6 eV),
respectively. In other words, EF,max for n (p-)-type GaAs is at
∼0.17 eV above (∼0.4 eV below) the CBM (VBM). Thus, according
to the ADM, GaAs can be doped heavily p-type (>1020 cm−3) but
its n-type doping is limited (<1019 cm−3). It has been shown that in
n-type GaAs, the electron concentration saturates at the range of
∼1018−1019 cm−3. This corresponds to EF located at <0.2 eV above
the CBM or at ∼ < 1.1 eV above EFS,

16 in good agreement with the
ADM. Such a limitation in doping can to some extent be overcome
through utilizing some nonequilibrium epitaxial growth methods,
manipulating the growth environment, as well as the doping tech-
niques such as co-doping17–19 and implantation followed by rapid
annealing processes.20–22 In particular, nmax values in GaAs up to
2 × 1019 cm−3 were demonstrated using transient annealing pro-
cesses such as pulse electron beam annealing.23 This high nmax

value exceeds the “doping limit” of n-type GaAs with EF at
∼EFS + 1.2 eV.

Pulsed laser annealing (PLA) is another transient annealing
process, which has been studied extensively in the late 1970s and
early 1980s for the dopant activation and damage recovery of ion
implanted Si and GaAs.22,24–28 Typically, a short (μs to ns), intense
laser pulse incidents on the surface of the sample and the semicon-
ductor absorbs the energy and locally heats the material to a high
temperature. In the case when the energy fluence is high enough to
locally melt the material, a rapid melt and recrystallization of the
semiconductor occurs, which is more commonly referred to as
pulsed laser melting (PLM). For implanted semiconductors, the
melting of the implant-damaged or amorphized layer is induced by
the near surface absorption of intense (pulsed) laser radiation, and
the melted layer rapidly regrows epitaxially from the liquid. In the
PLM of implanted samples, the melted layer depth must exceed the
damaged depth so that high quality liquid phase epitaxy (LPE) can
occur at the solid–liquid interface from the perfect crystalline bulk.
Since the LPE process occurs on a much shorter time scale,

typically between 10−8–10−6 s, impurities do not have sufficient
time to diffuse and segregate, and, hence, the density of impurities
way above the solubility limit can be incorporated in the lattice
(solute trapping). For example, Mn and N with concentration up to
several mol. % can be incorporated in GaAs via ion implantation
and PLM, forming, respectively, ferromagnetic semiconductor and
dilute GaAs nitride layers.29–31 It was also shown that using the
PLM method, amorphous layers of GaAs formed by high dose
implantation could be regrown into single crystals with electrical
activities of dopants well above those achievable by furnace anneal-
ing.25,26,27 We also note that the doping of Si by ion implantation
followed by PLM was widely studied from the 1970s through the
1990s, and readers were referred to a recent review by Lim and
Williams 28 and references therein. However, due to the small
bandgap of Si and that EFS is only slightly closer to the VBM,
heavy doping with both n and p of >1020 cm−3 was achievable with
both rapid thermal annealing (RTA) and furnace annealing in Si.
Hence, improvements in the carrier concentration using PLM in Si
were not dramatic.

In this work, we report on a comprehensive investigation on
the n- and p-type doping of GaAs by ion implantation and PLM.
We find that the PLM process is effective in incorporating dopants
in the proper sites, which leads to an n-type doping exceeding the
“doping limit” in GaAs. However, as previously shown in the for-
mation of dilute GaNAs highly mismatched alloys by N implanta-
tion and PLM,30,31 a high density of residual defects was present
after PLM, which resulted in a low mobility in these samples.
While post-PLM rapid thermal annealing (PLM + RTA) is effective
in restoring the carrier mobility by removing these defects, it also
reduces the carrier concentration. When compared to the RTA
only samples, the carrier concentration of the PLM + RTA samples
is still significantly higher, which can be attributed to the “solute
trapping” of the PLM process, which makes the removal of these
dopants from the substitutional site more difficult during RTA. In
direct contrast, effects of PLM on the p-type doping by Zn implan-
tation are much less significant, which can be attributed to the
close proximity of the VBM with the EFS in GaAs, making p-type
doping more effective and the formation of compensating donors
less likely.

EXPERIMENT

Both donor (S, Si, and Ge) and acceptor (Zn) species were
implanted in semi-insulating GaAs wafers. The implantation condi-
tions, including energy, total dose, and approximate profiles of
various dopant species, are tabulated in Table I. Except for the S
doping, multi-energy implantation was carried out to produce a
relatively flat dopant distribution (box shape) over a depth of
∼0.08–0.24 μm. Dopant profiles with peak atomic concentrations
ranging from 1.6 × 1019 to 6 × 1020 cm−3 were studied. All implan-
tations were carried out at room temperature using a beam current
of ∼0.2–0.5 μA/cm2. Calculated atomic profiles of the implanted
samples are shown in Fig. 1.

After implantation, pulsed laser melting (PLM) was carried
out in air using an XeCl excimer laser (λ = 308 nm) with a pulse
duration of ∼30 ns. The pulsed laser beam was homogenized
through a multi-prism homogenizer with a fluence at the sample
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ranging from 0.35 to 0.45 J/cm2. The laser fluence used was deter-
mined from previous work31 so that the melt depth can exceed the
implant-damage region, to ensure regrowth from the bulk GaAs
lattice. The melt duration (τmelt) was determined by monitoring the
time resolved reflectivity (TRR) of the samples using an argon-ion
laser. In order to investigate the stability of the electrical properties,
after PLM, some of the samples were further annealed by rapid
thermal annealing (RTA) at temperatures TRTA between 600 and
950 °C for a duration of 10–60 s in flowing N2.

The ion implantation damage and recovery of the samples
were studied by channeling Rutherford backscattering spectrome-
try (c-RBS) in the 100h i direction using a 2 MeV He+ beam at
a backscattering angle of 165°. The electrical properties of the
samples were measured by the Hall effect in the van der Pauw
configuration with a 0.55 T magnetic field at room temperature.
The bulk carrier concentration was estimated by assuming a
uniform distribution over the calculated implantation range.
Since the PLM was carried out in air, it is possible that As loss
during PLM may modify the GaAs surface, which may, in turn,
complicate the Hall measurement results. However, no noticeable
anomalies in the electron concentration and mobility of GaAs
surfaces after PLM in air were observed in previous reports using
differential Hall measurements.32,33 Electrochemical capacitance–
voltage (ECV) measurements were also carried out for some
samples using a BioRad PN4300 Semiconductor Profile Plotter
to obtain net space charge concentration profiles. In ECV
profiling, an electrolyte was used as a Schottky contact to the
semiconductor surface. Depth profiling was made possible by
controllably removing the material by electrochemical etching.34

In this work, a 0.2 M NaOH: EDTA solution was used as the
electrolyte.

RESULTS AND DISCUSSION

Figure 2(a) shows the c-RBS spectra of 60 keV S implanted
GaAs samples with total doses of 1 × 1015 (lo) and 5 × 1015 cm−2

(hi) aligned along the 100h i axial direction. The 100h i aligned spec-
trum from an unimplanted sample is also shown for comparison.
The 100h i aligned backscattering yields from implanted samples
are much higher than those of the unimplanted sample, which sug-
gests that significant dechanneling of the ion beam from implanta-
tion damage occurs. These implant-induced defects increase with
ion dose and are confined within the surface 100 nm layer. Since
the 100h i yields for both implanted samples do not reach the
random level, the damaged surface layer is still crystalline with a
high level of crystalline and point defects. Figure 2(b) compares
the c-RBS spectra from the as-implanted hi-S sample with that
after PLM with a laser fluence of 0.35 J/cm2. Figure 2(b) shows
that the c-RBS yields decrease dramatically after PLM with no
noticeable damage peak at the sample surface. This suggests that

FIG. 1. Calculated atomic distribution profiles of several dopants implanted in
GaAs.

TABLE I. Implantation conditions (energy, dose, and approximate profiles) of various dopant species in GaAs studied in this work.

Dopants
Total dose
(cm−2) Energy (keV) Dopant concentration

S 1.0 × 1015 (lo) 60 ∼0.08 μm with ∼1.2 × 1020 cm−3

5.0 × 1015 (hi) 60 ∼0.08 μm with ∼6.0 × 1020 cm−3

Si 1.53 × 1015 175 keV 1.1 × 1015

+ 78 keV 3.1 × 1014

+ 35 keV 1.25 × 1014

∼0.24 μm with ∼6.4 × 1019/cm3

Ge 8.1 × 1015 340 keV 6.4 × 1015

+ 100 keV 1.7 × 1015
∼0.22 μm with ∼3.7 × 1020/cm3

Zn 4.36 × 1015 140 keV 3.6 × 1015

+ 45 keV 7.6 × 1014
∼0.08 μm with ∼4.7 × 1020/cm3
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the PLM fluence is sufficient to melt the entire damaged region
and the regrowth proceeds from the bulk GaAs to the surface.
This is consistent with our previous work on the synthesis of
highly mismatched dilute GaAs nitrides,30,31 which demonstrated
that a laser fluence >0.3 J/cm2 is sufficient to melt GaAs up to
∼150 nm. However, the c-RBS yields from the surface layer of the

PLM sample are still slightly higher than those from unim-
planted GaAs, which reveals that the regrown layer still has a
high concentration of defects, most likely native defects such as
vacancies and antisites. The presence of a high concentration of
defects in these PLM samples would strongly affect their electri-
cal properties.

FIG. 2. (a) c-RBS spectra from 60 keV S implanted GaAs samples with total doses of 1 × 1015 and 5 × 1015 cm−2 aligned along the 100h i axial direction. The 100h i
aligned spectrum from an unimplanted sample is also shown for comparison. (b) 100h i c-RBS spectra from the 60 keV S implanted GaAs samples with a total dose of
5 × 1015 as-implanted and after PLM with a laser fluence of 0.35 J/cm2. The inset in (b) shows the calculated S atomic distribution profile.

FIG. 3. Hall effect measurements showing the sheet electron density ns and mobility μ of the (a) 1 × 1015 and (b) 5 × 1015 cm−2 s implanted GaAs samples after PLM
followed by RTA (PLM + RTA) in the temperature range of 500–950 °C. The ns and μ for samples after RTA at 950 °C for 10 s only are also shown for comparison.
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The electrical properties of the lo- and hi-S implanted GaAs
samples after PLM followed by RTA (PLM + RTA) in the TRTA

range of 500–950 °C were measured by the Hall effect, and the
results are shown, respectively, in Figs. 3(a) and 3(b). The sheet
electron density ns and mobility μ for samples after RTA at 950 °C
for 10 s only are also shown for comparison. We note that this is
the typical RTA temperature needed to activate implanted dopants
in GaAs. After RTA only, we see that both the lo- and hi-S samples
have similar ns of ∼1.5–1.6 × 1013 cm−2. This translates to low acti-
vation efficiency of ∼1.5% and 0.3% of implanted S. The similar ns
despite the five times difference in the implanted S dose suggests
that there is a saturation in the free electron concentration nsat in
these samples. Assuming a ∼0.08 μm thick implanted layer, this
corresponds to a nsat∼ 2 × 1018 cm−3. The Fermi level EF can be
related to the carrier concentration by the following expression:11,35

n ¼ 1
3π2

ð1
EC/kBT

exp (z � EF/kBT)

1þ exp (z � EF/kBT)
2 k

3(z)dz, (1)

where EC is the energy of the CBM, kB is the Boltzmann constant,
z = EC/kBT, and k is the wavevector. Using Eq. (1), nsat predicted by
the ADM where EF,max ∼ EFS + 1 eV (or at ∼3.9 eV below Evac) is
∼5.6 × 1018 cm−3. nsat for the S implanted samples corresponds to
EF located at ∼76 meV above the CBM. This is ∼0.9 eV above EFS,
close to the electron saturation level but still below the EF,max. The
μ of the RTA only lo- and hi-S samples are 2900 and 2159 cm2/V s,
respectively, which are consistent with calculated and reported
GaAs mobility at this electron concentration.35 Note that the lower
μ for the hi-S sample can be attributed to scatterings from

compensating native defects or a higher level of residual implant-
damage in the sample. These results suggest that compensating
native acceptor defects are not entirely removed even after TRTA at
950 °C.

After PLM, both samples have high ns of 8.9 × 1013 and
1.75 × 1014 cm−2, respectively, for the lo- and hi-S samples, corre-
sponding to the activation efficiency of ∼8.9% and 3.5%. The esti-
mated electron concentration n is ∼1 and 2.2 × 1019 cm−3,
exceeding the nsat achieved after RTA only. The high n corresponds
to EF∼ 0.4 eV above the CBM or >1.2 eV above EFS. However,
the μ value of these PLM samples is relatively low, ∼207 and
144 cm2/V s, respectively, for the lo- and hi-S samples. These
values are much lower than the μ of ∼1000 cm2/V s obtained for
GaAs with comparable n.35 This is, however, consistent with the
c-RBS (Fig. 2), which shows that after PLM, the channeling yields
are still significantly higher than those from unimplanted GaAs
due to defects in the samples and likely arise from the laser
melting-regrown process. These defects contribute to carrier scat-
tering and reduce the carrier mobility. In order to remove these
residual damages, RTA was carried out following PLM. Figure 3
shows that in general, similar behavior is observed as TRTA

increases after PLM; namely, ns gradually decreases to a minimum
value at ∼600 °C and increases again at higher TRTA, while μ shows
a monotonic increase with TRTA. The increase in μ with TRTA is
consistent with the reduction of defect scatterings due to the
removal of defects at high temperature. The initial drop of ns with
increasing TRTA up to 600 °C may be related to the reduction of
native defects or complexes that also act as shallow donors (e.g., As
vacancies VAs, Refs. 36 and 37) when the samples were annealed at

TABLE II. A summary of electrical properties of GaAs samples implanted with various donor species as tabulated in Table I followed by RTA, PLM, and PLM + RTA.

Dopants
Total dose
(cm−2) Annealing conditions

Sheet conc. ns
(×1013 cm−2)

Mobility μ
(cm2/V s)

Electron conc. n
(×1018 cm−3) EF–Ec (eV)

Peak dopant conc.
(×1018 cm−3)

S 1.0 × 1015 (lo) RTA only 950 °C 10 s 1.53 2900 1.9 0.074 127
950 °C 60 s 2.3 2324 2.9 0.098

PLM only 0.35 J/cm2 8.93 207 11 0.26
PLM + RTA 950 °C 10 s 2.9 2300 3.6 0.115

950 °C 60 s 3.87 2005 4.84 0.143
5.0 × 1015 (hi) RTA only 950 °C 10 s 1.6 2150 2.0 0.076 640

950 °C 60 s 1.63 2830 2.0 0.076
PLM only 0.35 J/cm2 17.4 144 22 0.40
PLM + RTA 950 °C 10 s 3.6 1600 4.5 0.135

950 °C 60 s 4.2 1940 5.25 0.151
Si 1.53 × 1015 RTA only 950 °C 10 s 2.9 1395 1.53 0.064 54

PLM only 0.4 J/cm2 31 263 13 0.29
PLM + RTA 950 °C 10 s 9.7 970 4.0 0.124

Ge 8.1 × 1015 RTA only 950 °C 10 s 0.81 1147 0.4 0 390
PLM only 0.45 J/cm2 15.6 86 7.8 0.203
PLM + RTA 950 °C 10 s 2.96 770 1.5 0.063

hole conc. p
(×1018 cm−3)

EV–EF (eV)

Zn 4.36 × 1015 RTA only 950 °C 10 s 52.4 47 65.5 0.11 470
PLM only 0.4 J/cm2 270 14 338 0.33
PLM + RTA 950 °C 10 s 227 29 162.5 0.20
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TRTA< 600 °C. When TRTA increases further, ns increases due to
the removal of compensating defects, such as VGa and antisites.
After the final RTA at 950 °C, ns for both samples are ∼2× higher,
while their μ are slightly lower by ∼20% compared to the correspond-
ing RTA only samples. We note that samples RTA after PLM for a
prolonged duration of 60 s at 950 °C further increases the μ and the
respective ns to 3.9 × 1013 and 4.2 × 1013 cm−2 for the lo- and hi-S
samples. A summary of electrical properties of GaAs samples
implanted with various donor species as tabulated in Table I followed
by RTA only, PLM only, and PLM+RTA is shown in Table II.

Hall measurement results shown in Fig. 3 and Table II only
represent the overall electrical properties of the implanted samples,
but the actual electron concentration profiles can only be estimated
from their assumed implantation depths. Here, we used the electro-
chemical capacitance–voltage (ECV) profiling method to study the
depth profiles of space charges. Figure 4 shows the ECV profiles
together with the calculated S implant profiles of the (a) lo- and (b)
hi- S implanted samples after RTA only, PLM only, and
PLM + RTA. For the PLM only samples, the net space charge con-
centration is close to or even exceeds the implanted S concentra-
tion. This suggests that a large fraction of these space charges is not
due to the S dopant but from point defects incorporated in the top
layer due to the PLM process. It is worth noting that after PLM,
the space charge distribution is rather sharp and confined within
∼0.14 μm. This is consistent with the estimated melt depth for the
pulsed laser fluence of 0.35 J/cm2 used for this work. For samples
after RTA only and PLM + RTA, the total space charge sheet
density and ns measured by the Hall effect agree within ∼20%, sug-
gesting that the ECV profiles represent free electron distribution
due to S donors. Unlike the PLM only samples, profiles from these
samples also show a long diffusion tail extending to >1 μm deep.
This is mainly due to the fast S diffusion in GaAs at the high TRTA

after PLM. Compared with the RTA only samples, the PLM + RTA

samples exhibit a much higher n of ∼5 × 1018 cm−3 as well as a
flatter distribution in the implanted layer.

For the RTA only samples, the peak carrier concentrations for
the lo- and hi-S samples are ∼1.2 × 1018 and 3.1 × 1018 cm−3,
respectively. For the hi-S sample, the profile in the RTA only
sample shows a notable “dip” at ∼0.15 μm below the surface, which
coincides with the end-of-range region of the S implantation. Such
a “dip” in the net donor concentration profile is missing in the lo-S
sample. This suggests that there is a significant concentration of
compensating defects due to the end-of-range damage because of
the high implantation dose. Figure 4(c) compares the ECV profiles
of the RTA only hi-S samples at TRTA= 950 °C for 60 and 120 s,
showing that the dip at ∼0.15 μm is significantly reduced after RTA
at 950 °C for a longer duration of 120 s. Meanwhile, the S diffusion
tail also extends to >1 μm after prolonged RTA. These results
suggest that defects generated by the end of range implantation
damage are primarily acceptor type native defects, which compen-
sate S donors, and a TRTA> 950 °C or annealing time >100 s is
required for their removal.

Despite its amphoteric nature, Si is another common shallow
donor in GaAs. In this study, we used multiple energy implantation
with a total dose of 1.53 × 1015 cm−2 to create a relatively flat
dopant distribution profile with ∼6.4 × 1019 Si/cm3 in the top
∼0.24 μm in GaAs. Figure 5 shows (a) ns and μ, and (b) ECV pro-
files of Si implanted GaAs samples after RTA only and
PLM + RTA. Note that a slightly higher PLM fluence of 0.4 J/cm2

was used in order to melt through the end of range damage region
at ∼0.3 μm below the surface. All RTA was carried out for 10 s
duration. Here, the RTA only samples were highly resistive with
ρ > 104Ω cm for TRTA< 700 °C. After RTA at 950 °C for 10 s, a ns
of 2.9 × 1013 cm−2 with a μ of 1390 cm2/V s was achieved. This rep-
resents a low activation of <2% for the Si donors. Assuming a
uniform distribution over ∼0.24 μm, an n∼ 1.2 × 1018 cm−3 was

FIG. 4. ECV profiles together with the calculated S implant profiles of the (a) lo- and (b) hi-S implanted samples after RTA only, PLM only, and PLM + RTA. For both the
RTA only and PLM + RTA samples, RTA was performed at 950 °C for 60 s. (c) ECV profiles of the hi-S sample after RTA only for TRTA = 950 °C for 60 and 120 s.
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estimated. This low activation is attributed, in part, to the ampho-
teric nature of Si and the auto-compensation by native acceptors.
The Si activation was much enhanced by the rapid melt and
regrowth of the PLM process. After PLM, the sample exhibits a
high ns of 3.1 × 1014 cm−2 or n∼ 1.3 × 1019 cm−3 but with a rela-
tively low μ of 263 cm2/V s. This high n corresponds to an EF at
∼EFS + 1.1 eV, slightly exceeding EF,max as predicted by the ADM.
With additional RTA after PLM, similar to the S implanted case, ns
decreases, while μ increases with TRTA. n for the sample after
PLM + RTA at 950 °C 10 s is estimated to be ∼4 × 1018 cm−3 with a
μ = 970 cm2/V s. ECV profiles shown in Fig. 5(b) show rather
uniform space charge concentration for the RTA only and
PLM + RTA samples with their respective n similar to those esti-
mated from the Hall measurements. The ECV measurement on the
PLM only sample shows a high flat space charge concentration
with a sharp drop, which corresponds to the melt/substrate inter-
face. This high space charge concentration of ∼6 × 1019 cm−3 is
much higher than the n measured by the Hall effect and is related
to a sum of both impurity (Si) and defect levels due to the imper-
fect regrowth of the implanted layer. The presence of these defects
also explains the low mobility measured in the PLM sample.

Similar to Si, Ge is also a group IV amphoteric dopant in
GaAs and has been shown to yield either p- or n-type GaAs when
incorporated during growth or via ion implantation, depending on
the growth temperature or post-implantation annealing tempera-
ture. In this study, we created a flat Ge dopant profile of
∼3.7 × 1020 cm−3 over a thickness of ∼0.22 μm as shown in Fig. 1
by multiple energy implantation with a total Ge dose of
8.1 × 1015 cm−2. Figure 6(a) shows the ns and μ of samples after
PLM + RTA with TRTA from 650 to 950 °C. Data for samples after
RTA only at 950 °C for 10 s are also shown for comparison. An ns
of 1.56 × 1014 cm−2 is obtained for the sample after PLM, and ns

decreases continuously and saturates at an ns∼ 2 × 1013 cm−2 with
additional RTA at >750 °C. However, a low μ of 85 cm2/V s is
observed after PLM only, which is even lower than the S and Si
samples after PLM only. This low μ increases monotonically with
TRTA and saturates at ∼770 cm2/V s after RTA at 950 °C. The n of
PLM only sample is ∼7.8 × 1018 cm−3, which is over an order of
magnitude higher than that of the RTA only sample
(n∼ 4 × 1017 cm−3). The high n for the PLM only sample also cor-
responds to an EF at ∼140 meV above EF,max. Figure 6(b) shows the
ECV profiles together with the calculated Ge implant profiles after
PLM and PLM + RTA. Similar to the Si implanted samples, the
ECV profiles show rather uniform space charge concentration for
the PLM only and PLM + RTA samples. The n of the PLM + RTA
sample is similar to that estimated from the Hall measurement, but
the PLM only sample shows a high flat space charge concentration,
which is much higher the free electron concentration but close to
the implanted dopant concentration. Again, similar to the cases of
S and Si, this high space charge concentration may be related to a
sum of both Ge doping and defect levels due to the imperfect
regrowth of the implanted layer. Figure 6(b) also shows that the Ge
diffusion is rather minor after PLM and RTA.

Compared to other donors (S and Si), both the n and μ of the
Ge implanted GaAs samples are relatively low. This can be attrib-
uted to the more amphoteric nature of the dopant. As compared to
Si, more of the implanted Ge are expected to incorporate in the As
sublattice, which act as shallow acceptors. For example, with com-
parable n of ∼1.5–2 × 1018 cm−3, the μ of the RTA only lo-S and Si
implanted samples are 2900 and 1395 cm2/V s, respectively, while
that of the PLM + RTA Ge implanted sample is only 770 cm2/V s.

For all the donor species studied, n can exceed the nmax of
∼5.7 × 1018 cm−3 as predicted by the ADM after PLM. However,
subsequent RTA treatment after PLM results in a decrease in n to

FIG. 5. (a) Hall effect measurements showing the sheet electron density ns and mobility μ of the Si implanted GaAs samples after RTA only and PLM + RTA in the temper-
ature range of 500–950 °C. The laser fluence for PLM was 0.4 J/cm2, and the RTA duration was 10 s. (b) ECV profiles together with the calculated Si implant profiles after
RTA only, PLM, and PLM + RTA.
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below nmax, likely due to the favorable formation of compensating
native acceptors. The schematic energy level diagram in Fig. 7
shows the positions of the EF of the GaAs samples implanted with
S, Si, Ge, and Zn after RTA only, PLM only, and PLM + RTA as
calculated by Eq. (1). Positions of the EFS and the EF,max for both
n- and p-type doping predicted by the ADM are also shown with
reference to the GaAs CBM and VBM. It is clearly seen that the
non-equilibrium nature of the PLM process can achieve n well
exceeding the equilibrium doping limit in GaAs.

In GaAs, since the position of EFS is closer to the VBM, the
ADM suggests that it can be doped heavily p-type to a maximum
hole concentration pmax > 4 × 1020 cm−3 with EF,max∼ 0.4 eV below
the VBM. Here, as a comparison to the n-type dopants, we also
studied the effect of PLM on the p-type doping of GaAs by Zn
implantation. GaAs samples with a Zn dopant concentration of
∼4.4 × 1020 cm−3 over a thickness of ∼0.08 μm were formed with
multiple energy Zn ion implantation. Figure 8 shows the free hole
concentration p and mobility μ of the Zn implanted GaAs samples
after RTA only and PLM + RTA in the TRTA range of 600–950 °C. p
is estimated from the sheet hole density as measured by the Hall
effect and assuming a uniform Zn distribution of 0.08 μm. Note
that the as-implanted sample is already p-type with a low p of
∼5 × 1018 cm−3 and μ of 1.5 cm2/V s. Since the implantation was
carried out at room temperature, the as-implanted sample is still
crystalline due to the strong dynamic annealing of GaAs. This can
also be observed in the c-RBS spectra of the S implanted GaAs
samples shown in Fig. 2. Since the EFS is closer to the VBM than
the CBM in GaAs, the formation energy of native acceptor defects
is lower than that of donor defects during implantation. Therefore,

FIG. 6. (a) Hall effect measurements showing the sheet electron density ns and mobility μ of the Ge implanted GaAs samples after PLM + RTA in the temperature range
of 650–950 °C. The laser fluence for PLM was 0.45 J/cm2, and the RTA duration was 10 s. The ns and μ of the sample RTA only at 950 °C are also shown for comparison.
(b) ECV profiles together with the calculated Ge implant profiles after PLM and PLM + RTA.

FIG. 7. Positions of the Fermi level of the GaAs samples implanted with S, Si,
Ge, and Zn after RTA only, PLM only, and PLM + RTA. Positions of the EFS and
the EF,max for both n- and p-type doping as expected from the ADM are also
shown with reference to the GaAs CBM and VBM.
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the low p observed for Zn as-implanted GaAs samples can be

attributed to the net holes from Zn acceptors and native acceptor

defects (e.g., VGa), while the low μ in these samples is consistent

with strong scattering from crystalline defects formed during

implantation. On the other hand, for n-type doping, even if some
of the implanted donors are incorporated substitutionally and pro-
viding free electrons, they are compensated by the more easily
formed native acceptors. This gives rise to the highly resistive
nature of samples implanted with donor species. After RTA, when
native defects are annealed out, and at the same time, more donors
are incorporated substitutionally, the samples become n-type con-
ducting with increasing electron concentration and mobility.

The p of the Zn implanted GaAs samples increases gradually
with TRTA and saturates at ∼6 × 1019 cm−3 at 800 °C. On the other
hand, μ increases to ∼33 cm2/V s after RTA at 800 °C and further
increases more rapidly to ∼53 cm2/V s at 950 °C. This suggests that
while the activation of Zn acceptors saturates at 800 °C, at higher
TRTA, crystalline defects are more effectively removed, and this
enhances μ by reducing defect scattering. The μ of the RTA only
samples are lower than those calculated by Walukiewicz35 but in
agreement with those reported for Zn, C, and Be doped GaAs with
comparable hole concentration.38–40 After PLM at a laser fluence of
0.4 J/cm2, the hole concentration reaches p∼ 3.8 × 1020 cm−3,
which corresponds to an EF of ∼0.33 eV below the VBM. This is
within the maximum EF,max suggested by the ADM for p-type
GaAs. Similar to the cases of n-type doped GaAs, the μ of the PLM
only sample is rather low at a μ∼ 14 cm2/V s. This low μ is attrib-
uted to the presence of point defects generated after the rapid melt/
regrowth process. These defects can be removed by RTA after PLM
as evidenced from the gradual increase in μ with RTA temperature.
Note that p stays relatively stable at ∼3 × 1020 cm−3 up to an TRTA

of 800 °C and drops to ∼1.63 × 1020 cm−3 at 950 °C with a
μ∼ 35 cm2/V s. The EF positions of the Zn implanted GaAs
samples calculated from the p obtained by the Hall effect measure-
ments are also included in Fig. 7. Since the implanted Zn concen-
tration is comparable to the expected pmax, the EF for all samples
shown are below the VBM but still above the EF,max for p-type

FIG. 8. Free hole concentration p and mobility μ of the Zn implanted
GaAs samples after RTA only and PLM + RTA in the temperature range of
600–950 °C.

FIG. 9. A comparison of (a) the carrier concentration and (b) the mobility of GaAs implanted with various donors (S, Si, Ge) and an acceptor (Zn) after RTA only, PLM,
and PLM + RTA. The approximate as-implanted dopant concentrations for the different dopants are also included in (a).
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doping. Note that while EF for the RTA only sample is >0.3 eV
above the EF,max, the EF for PLM only sample is only <0.1 eV above
EF,max.

Figure 9 compares the electrical properties of GaAs samples
implanted with donors and acceptor after RTA only, PLM only,
and PLM+RTA. The calculated as-implanted dopant concentrations
of all samples are plotted together with the carrier concentration
(n and p) in Fig. 9(a). Note that for all dopants, n (p) after PLM is
lower but close to the peak dopant concentration. This suggests that
the transient PLM process is capable of trapping high concentration
of dopants in the substitutional site, resulting in a carrier concentra-
tion exceeding the doping limit (for n-type) as shown in their respec-
tive EF in Fig. 7. On the other hand, the RTA process is much less
effective in trapping dopants and results in more than an order of
magnitude lower carrier concentration. This lower n (p) in RTA only
samples may not be the result of more compensating native accep-
tor defects since the mobility of these samples is not lowered. It is
more likely that a higher fraction of dopants does not move into
the proper substitutional site during RTA. Note that the mobility
of the sample after PLM can be improved by subsequent RTA fol-
lowing PLM, and this is likely due to the removal of native point
defects incorporated in the sample after PLM. Since most dopants
are already incorporated in the substitutional site after PLM,
further RTA results in a significantly higher n than the RTA only
samples, although some “deactivation” of the dopants still occurs.
Finally, a table comparing the nmax (pmax) in GaAs obtained in
this work and by various growth and doping methods for some
common dopants reported in the literature is shown in the
supplementary material. Here, only some representative works
with dopant concentration exceeding the maximum carrier con-
centration are included. nmax (pmax) achieved in this work using
the PLM method significantly exceed most of the reported values
in the literature. We also note that in general, a higher maximum
carrier concentration (both n and p) can be obtained when the
dopants were incorporated during epitaxial growth.

CONCLUSIONS

It has been known that semiconductors exhibit a “doping lim-
itation,” which is related to their conduction band minimum
(CBM) and valence band maximum (VBM) positions with respect
to the Fermi stabilization energy EFS, which corresponds to the
Fermi level at which the formation energy of donor and acceptor
native defects is equal. Since the VBM is closer to EFS than the
CBM, the n-type doping of GaAs is limited to a free electron con-
centration of 1018–1019 cm−3, but it can be doped p-type to a free
hole concertation of >1020 cm−3. In this work, we systematically
investigated the doping limits of GaAs and compared the experi-
mental results with predictions by the amphoteric native defect
(ADM) model. Specifically, we carried out both the n- and p-type
doping of GaAs via ion implantation. For n-type doping, both
group VI (S) and amphoteric (Si and Ge) dopants were studied,
while Zn was used as the acceptor species. In particular,
implanted dopants were activated utilizing the pulsed laser
melting (PLM) method in order to overcome the n-type doping
limit of GaAs. We find that for all n-type dopants, while conven-
tional rapid thermal annealing results in a similar electron

concentration of 2–3 × 1018 cm−3, the transient PLM process is
capable of trapping high concentration of dopants in the substitu-
tional site and gives rise to a carrier concentration of >1019 cm−3,
exceeding the doping limit of GaAs. However, the mobility of
n-type GaAs after PLM is low, most likely due to scatterings from
point defects generated during PLM. The low mobility of the
samples after PLM can be recovered by subsequent RTA following
PLM, and this is likely due to the removal of native point defects
incorporated in the sample after PLM. Since most dopants are
already incorporated in the substitutional site after PLM, further
RTA results in a significantly higher n than the RTA only
samples, although some “deactivation” of the dopants still occurs.
Our results are significant to the understanding of doping mecha-
nisms in semiconductors and provide a means for device applica-
tions that require ultra-high doping.

SUPPLEMENTARY MATERIAL

See the supplementary material for the comparison of the
maximum carrier concentration in GaAs obtained in this work and
by various growth and doping methods for some common dopants
reported in the literature.
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