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ABSTRACT

Self-assembled molecular monolayer doping remains as a research focus for its nature of being conformal, nondestructive, and self-limiting.
However, the carrying molecules may contaminate the substrate and electrically deactivate the dopants. In this work, we investigate the
electrical activities of sulfur dopants in GaAs introduced by the self-assembled molecular monolayer doping technique. The results from
secondary ion mass spectrometry and low-temperature Hall measurements show that the activation energy of sulfur dopants is 68 meV, and
that 91% of these dopants introduced into GaAs by the self-assembled molecular monolayer doping technique are electrically active. The
impact of the carrying molecular contamination is minimal. We employ this monolayer doping technique to create a PN junction diode on
a p-type GaAs substrate. The PN junction diode exhibits an outstanding performance with an ideality factor of 1.26 and a rectification ratio
up to 104 within the bias of ±0.6 V.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0243124

INTRODUCTION

Self-assembled monolayer (SAM) doping has a wide range of
applications in nanoscale semiconductor devices1 and Fin
Field-Effect Transistors (FinFETs).2,3 This technique enables precise
control over dopant profiles, which is crucial for achieving optimal
device performance. It has been successfully demonstrated for a wide
range of n- and p-type dopants on silicon surfaces.3,4 Considerable

research has been conducted on the electrical activities of dopants in
silicon,5,6 demonstrating its versatility and effectiveness. Recently, the
method has been extensively applied to III–V semiconductors with
exceptional transport characteristics, which make them particularly
suitable for applications in transistors,7,8 high-speed nanoelec-
tronics,9,10 and solar energy harvesting.11

For III–V substrates, the self-assembled sulfur (S) monolayer
is often used to passivate the surface to attain long-term stability.
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For instance, Hedieh et al.12 passivated GaAs surfaces to prevent
re-oxidation by treating with the ammonium sulfide (NH4)2Sx solu-
tion and found a ten-day stability in air via x-ray photoelectron
spectroscopy (XPS). This long-term stability was attributed to the
full coverage of sulfur monolayer on the GaAs surfaces because the
sulfur monolayer has completely saturated the dangling bonds on
GaAs surfaces, prohibiting the absorption of foreign atoms. What
iss more, the sulfur monolayer passivation has been demonstrated
to improve the long-term stability of re-oxidized InGaAs,13 n-GaAs
nanowires,14 AlGaAs/InGaAs transistors,15 and others.16,17 The
sulfur monolayer passivation indicates sulfur atoms are directly
bonded on the surface and, therefore, can be utilized as a con-
trolled doping source. Ho et al.18 fabricated the n+/p+ tunneling
diodes with electrically active sulfur concentrations of
8 × 1018 cm−3 via sulfur monolayer doping scheme in InAs, in
order to demonstrate the nanoscale doping ability of the sulfur
doping method. Kort et al.19 reported a non-destructive Raman
spectroscopy study of electron–phonon coupling in sulfur mono-
layer doped In0.53Ga0.47As and found the electrically active S con-
centration of 9.5 × 1018 cm−3 at a depth of 10 nm from the
surface. To increase the active sulfur concentration, Yum et al.20

studied the effect of the capping layer in sulfur monolayer doping
on InGaAs and found the device with a SiNx/BeO bi-layer cap
exhibits a higher electrically active S concentration of
4.9 × 1019 cm−3 compared to the single capping layer. Mattson
and Chabbal21 provided the understanding of the reactions
involving dopant-containing monolayers, intermediate structures,
and the role of capping layers in sulfur-passivated GaAs and
found that an intermediate (2 × 1) surface reconstruction for
S-passivated GaAs was observed before subsurface diffusion. They
also investigated that the active sulfur dopants concentration
exceeded 1020 cm−3 in GaAs, but not consider the contamination
carrying by sulfur monolayer. It is well known that the carrying
molecules in this technique introduce contamination to the
underlying substrate and often electrically deactivate the dopants
as we previously found in silicon.4,6,22,23 Whether the carrying
molecules will electrically deactivate the sulfur dopants in GaAs
remains unclear.

In this work, we demonstrated a self-assembled sulfur mono-
layer doping technique by grafting sulfur onto GaAs in the
(NH4)2Sx solution. The sulfur dopants were then driven into GaAs
to create electrical doping effect by the rapid thermal annealing
(RTA) process. The chemical absorption of the sulfur monolayer
on GaAs surfaces was examined by XPS. The total number of
dopants diffused into GaAs was analyzed by secondary ion mass
spectroscopy (SIMS) and the source-limited diffusion model. Hall
effect measurements were employed to find the electron concentra-
tion at different temperatures. The temperature dependent electron
concentration was fitted with the dopant activation theory, from
which we extracted the activation energy as 68 meV and the con-
centration of electrically active sulfur dopants as high as
4.4 × 1014 cm−2. We find that more than 91% of sulfur dopants in
GaAs are electrically active, indicating that the impact of carrying
molecules is minimal. In the end, a PN junction diode was fabri-
cated by using the molecular monolayer doping technique on a
p-type GaAs substrate. The PN junction diode exhibits an ideality
of 1.26 and a rectification ratio of 104 within the bias of ±0.6 V.

EXPERIMENTAL

The SAM sulfur monolayer doping process using sulfur pre-
cursors on the GaAs substrate is shown in Fig. 1. Intrinsic GaAs
(100) wafers were chemically cleaned with acetone, isopropanol,
and de-ionized water. For sulfur monolayer grafting, a saturated
ammonium sulfide solution was prepared by adding 0.27 g excess
sulfur to a 20ml (NH4)2S solution, which was stirred for 2 h to obtain
a proper dissolution of sulfur excess. Prior to sulfur monolayer graft-
ing, the native oxide was removed by immersion in a 3:1 solution of
de-ionized water/HCl (37%) for 5min followed by a 3min de-ionized
water rinse. Subsequently, the GaAs wafers were dipped into a satu-
rated (NH4)2S solution for 4 h at room temperature.21 After S mono-
layer formation on the GaAs surface, a 200 nm thick SiO2 capping
layer was sputtered onto the samples, followed by annealing at differ-
ent temperatures to drive S atoms into GaAs. Finally, a layer of 5 nm
germanium and 100 nm gold electrode were deposited on the surface
of the samples by a vacuum thermal evaporator. After the evaporation,
the samples were annealed at 400 °C for 30 s by RTA under an atmo-
spheric pressure of N2 to obtain Ohmic contact.16

RESULTS AND DISCUSSION

X-ray photoelectron spectroscopy was performed for the
surface-functionalized sample as shown in Fig. 2, which shows the
XPS spectra of Ga 2p, As 3d, and S 2p core levels of sulfur-
passivated GaAs surfaces. In Fig. 2(a), a shoulder can be clearly
observed on the higher binding energy side of the Ga 2p peak.
After curve-fitting, a second peak with a chemical shift of 0.53 eV
is observed, which is consistent with the formation of Ga–S
bonds.24 As shown in Fig. 2(b), the peak at 41.2 eV is related to
Ga–As bonds, and As elemental is located at a binding energy of
42 eV, which is in good agreement with the literature.12 Due to the
overlap of Ga 3s and As 2p plasmon loss, the S 2p XPS spectra are
more complex. Figure 2(c) clearly indicates several different chemi-
cal states, including the Ga 3s level (binding energy at 160 eV), the
S 2p level (at 162 eV) and a plasmon satellite from the intense As
2p (at 158 eV).24,25 Collectively, these XPS data indicate that sulfur
atoms occupy the dangling bonds at the surface of GaAs, indicating
that sulfur atoms have been grafted on the GaAs surfaces.

After successfully grafting sulfur atoms onto the surfaces of
GaAs, a 200 nm thick SiO2 capping layer was sputtered onto the
samples to act as a protective barrier layer during rapid thermal

FIG. 1. Schematic of the SAM sulfur monolayer doping process using sulfur
precursors on the GaAs substrate.
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annealing. By varying the annealing temperature, different doping
concentrations were attained, enabling us to investigate the impact
of sulfur doping on the electrical properties of GaAs. The sheet
resistances (Rs) of the samples were obtained from van der Pauw
measurements. Figure 3(a) shows the dependence of sheet resis-
tance on various RTA parameters. The sheet resistance drops dra-
matically from ∼2.1 × 104 to 79Ω/sq as the annealing temperature
and time increase. The decrease in sheet resistance means more
dopants have diffused into the GaAs lattice and are electrically acti-
vated. After removing the SiO2 layer on the sample surface, the atomic
force microscopy images were utilized to gain more information on
surface morphologies and roughness of the blank sample and the
sample annealed at 700 °C for 5min, as shown in Figs. 3(b) and 3(c).
The root mean square (RMS) of the annealed surface roughness is
only 0.32 nm, a little larger than the blank sample (RRMS = 0.24 nm),
which could be attributed to the S–S-dimer-terminated structure near
the surface before the subsurface diffusion based on the thermal evolu-
tion of S-passivated GaAs studied in the previous literature.21 The
roughness of these two samples changes little, which indicates a non-
molten GaAs surface after thermal annealing treatment and do not
affect the further electronic application.

We employed secondary ion mass spectrometry to probe the
dopant profile after the RTA treatment (samples S1 and S2).
Samples S1 and S2 were annealed using 700 °C for 5 min and 750 °C
for 2 min, respectively. Among all samples, these two samples
have the lowest sheet resistance. Both samples have a comparable
dopant profile with a peak concentration of ∼4 × 1020 cm−3 at the
surface, as shown in Fig. 3(d). The sulfur concentration declines
rapidly from ∼4 × 1020 to 1017 cm−3 within 50 nm. The dopants
carried by the SAMM will limit the total number of dopants that
can be possibly introduced into GaAs. Therefore, the dopants will
follow the limited-source diffusion process at high temperature,
which is described by Eq. (1),

N(x, t) ¼ N0ffiffiffiffiffiffiffiffi
πDt

p
� �

exp � x

2
ffiffiffiffiffiffi
Dt

p
� �2

" #
, (1)

where N0 represents the initial surface concentration, x denotes
the diffusion distance, t is the annealing time, and D is the

diffusion coefficient, which varies with temperature. By fitting
Eq. (1) into the data in Fig. 3(d), we find that the diffusion coeffi-
cient (D) for sulfur is 3.73 × 10−16 cm−2 s−1 in sample S1 and
2.66 × 10−15 cm−2 s−1 in sample S2, which is comparable to the
widely observed value for sulfur in GaAs.26 The variation in diffu-
sion coefficient for these two samples is attributed to the difference
in annealing temperature. Besides, the initial surface concentration
(N0) is determined to be 4.79 × 1014 cm−2, which is the total
amount of sulfur dopant atoms transferred from the monolayer to
the GaAs substrate. This value is slightly smaller than the results
that Xia et al. reported (6.9 × 1014 S atoms cm−2).27 One possible
reason for this discrepancy is that some sulfur atoms on the GaAs
surface may diffuse into the SiO2 capping layer during annealing in
our case.

To obtain the electrical activation of the dopant atoms, we
characterized the charge carrier transport at low temperature when
a tunable magnetic field was applied perpendicular to the sample
surface. Figure 4(a) shows the Hall resistance at 300 K under mag-
netic field. The Hall resistance is linearly correlated with the mag-
netic field from which we calculate the areal concentration of
electrons as 3.72 × 1014 cm−2 following Eq. (2):

nc ¼ � ΔB
e� (ΔVH/I)

, (2)

where e is the elementary charge, VH is the Hall voltage, I is the
source current, B represents the magnetic field, and nc is the free
electron concentration per unit area. Given the electron concentra-
tion, we can further calculate the electron mobility at room temper-
ature from the measured sheet resistance as 4274 cm2/Vs which is
comparable to the literature reports. For example, Chiu et al.28

reported the Hall mobility of 5018 cm2/V s in the S-doped high
electron mobility transistors. The mobility found by Lee et al. is
4120 cm2/V s in the metal oxide semiconductor field-effect transis-
tors.26 For samples annealed at 650 °C for 2 min and 750 °C for
2 min (as shown in Fig. S1 in the supplementary material), the free
electron concentration per unit area is 2.16 × 1011 and
4.73 × 1014 cm−2, respectively. The increases in the free electron
concentration are attributed to longer annealing time and higher
annealing temperature, which is also observed in the literature.21

FIG. 2. (a) Ga 2p, (b) As 3d, and (c) S 2p core-level XPS spectra of S-passivated GaAs surfaces.
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To further investigate the characteristics of sulfur dopants,
we conducted low-temperature Hall measurements (see Table S1
and Fig. S2 in the supplementary material) to investigate the elec-
trical activity of sulfur dopants in GaAs. The temperature depen-
dent electron concentration is plotted in Fig. 4(b). According to
the dopant ionization theory we established previously,29 the elec-
tron concentration is correlated with electrically active dopant
concentration ND and dopant ionization energy ΔE following
Eq. (3):

nc ¼
�Nc þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2
c þ 8NcNDexp

ΔE
kT

� �s

4exp
ΔE
kT

� � , (3)

where Nc is the effective density of states, defined as

Nc � 2 2πm�
nkT

h2

� �3
2¼ w(kT)3/2, with w being a constant related to the

band structure of the semiconductor. By fitting Eq. (3) into the
curve in Fig. 4(b) for the S-doped sample, we obtain that the acti-
vation energy of the sulfur dopants as 68 meV and the concentra-
tion of electrically active S donors as 4.4 × 1014 cm−2, which aligns
well with the previous literature.30 The low-temperature Hall mea-
surements show that the sample has an activation energy of
68 meV, which is much larger than the reported S level (6 meV).30

The activation energy we calculated from the temperature depen-
dent electron concentration likely reflects both the shallow ioniza-
tion energy level of S dopants and the deep energy level of
interstitial N atoms. To demonstrate our hypothesis, we employed
SIMS to analyze the nitrogen profile in GaAs, as shown in Fig. S3
in the supplementary material. The nitrogen atoms can diffuse

FIG. 3. (a) Sheet resistance of S-passivated GaAs with different annealing temperatures. The atomic force microscopy images of (b) the blank sample and (c) the sample
annealed at 700 °C for 5 min. (d) SIMS doping profile of sulfur in samples S1 and S2. The solid line is a fitting line with Eq. (1).
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into GaAs during the annealing process. We previously found
that the total number of sulfur dopants in GaAs is
4.79 × 1014 cm−2. Therefore, over 91% (=4.4/4.79) of dopants in
GaAs introduced by the self-assembled molecular monolayer are
electrically active. This indicates that the contamination brought
in by the carrying molecules is minimal and the monolayer
doping technique is a reasonably good technology that will likely
find commercial applications.

As a further step, we fabricated a p–n junction diode on
p-type GaAs (doped with Zn at a concentration of ∼1019 cm−3)
by the SAM sulfur monolayer doping process, details seen in S1
in the supplementary material. We then measured the current–
voltage characteristics of the p-type GaAs and S-doped p-GaAs,
as shown in Fig. 5. The current is linear with voltage for p-type
GaAs, indicating a good ohmic contact. However, the device of
S-doped p-GaAs shows a typical rectifying behavior with a rectifi-
cation ratio of up to 104 at ±0.6 V bias and an ideality factor of

1.26, indicating the high quality of the fabricated junction.
Considering the Zn concentration in the p-type GaAs and the S
concentration profile in Fig. 3(d), the junction depth of this fabri-
cated p–n junction is defined as 21 nm. The reverse leakage
current of our fabricated device is a little higher due to the
uniform sulfur doping. However, this non-uniform doping is not
unique for our monolayer doping but common for most doping
techniques including ion implantation and thermal diffusion. The
minority carrier lifetime (τ) is defined as τ ¼ qniWd

2Jd
, where q is the

unit charge, ni is the intrinsic carrier concentration
(2.3 × 106 cm−3 in GaAs), Wd is the width of depletion region
(15 nm), and Jd is the reverse saturation current density
[3.75 × 10−7 A/cm2 as shown in Fig. 5(b)]. The minority carrier
lifetime in our fabricated p–n junction diode is calculated to be
1.48 ps, which is much smaller than that in reported GaAs.31 This
is mainly attributed to the interstitial nitrogen atoms in GaAs, as
investigated in the SIMS nitrogen results.

FIG. 4. (a) Hall resistance of S-treated GaAs annealed at 700 °C for 5 min, measured by Hall measurement at room temperature. (b) Temperature dependence of the
average free electron concentration for S-treated GaAs. The red line is a fitting line with Eq. (3).

FIG. 5. (a) Current–voltage characteristics a p-type GaAs substrate. Inset: device diagram. (b) Current density vs voltage after the p-type substrate is doped with the
self-assembled sulfur monolayer. Inset: diagram of the PN junction diode. The black curve is in the log scale and the red curve is in the linear scale.
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CONCLUSION

In conclusion, we successfully grafted a sulfur monolayer onto
the surface of GaAs. Sulfur dopants were successfully transferred
into GaAs by rapid thermal annealing. We found over 91% of all
opants in GaAs are electrically active. The contamination brought in
by the self-assembly molecular monolayer doping has limited impact
on the electrical activities of sulfur dopants in GaAs. To demonstrate
the effective of this doping technique, we successfully fabricated a
high-quality p–n junction diode on the p-type GaAs (doped with
Zn) with the ideality factor of 1.26. This work demonstrates that the
self-assembled molecule monolayer doping technique can be poten-
tially find commercial applications in III–V transistors, high-speed
nanoelectronics, and solar energy harvesting.

SUPPLEMENTARY MATERIAL

See the supplementary material that includes the normalized
SIMS profiles in GaAs, a vital measurement to analyze the contam-
ination in GaAs, the temperature dependent hall resistance and free
carrier concentration of S-doped GaAs, a vital physical quantity
that characterizes the electrically active concentration and donor
energy level of S-doped GaAs, and the description of the fabrica-
tion of p–n junction.
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