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ABSTRACT

Passivation of (001) GaAs surface was investigated with self-assembled monolayers (SAMs) of a
variety of thiols having various methylene chain length and terminal groups. The effect of
passivation was monitored by measuring the intensity of the GaAs-related photoluminescence (PL)
signal excited with lasers operating either at 683 or 248 nm wavelengths. Generally, for each case of
the thiol treated surface the PL signal was more intense than that from non-treated samples.
Additionally, it was found that the thiol terminal groups play an important role in determining the
methylene chain orientation in the SAMs and consequently the efficiency of the passivation. The
methyl terminated methylene chain formed a layer of a closely packed and relatively thick film,
which resulted in a significantly increased PL signal. In contrast, carboxylic acid group (-CO,H)
terminated methylene chains formed thin and less compacted films, leading to only a slightly
increased PL signal and less efficient passivation of the GaAs surface.
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1. INTRODUCTION

Due to its high electron mobility and a direct bandgap structure, GaAs is an important material for
electronic and photonic devices, especially those comprising low-dimensional nanostructures [1-3].
The ability to protect the freshly fabricated or chemically cleaned surface of GaAs from oxidization
and/or adsorption of foreign atoms is of paramount importance for the optimized functioning of such
devices. Sulfur passivation of GaAs surfaces is a well known strategy that has been applied with
some success to address this issue [4]. Covalent bonds between the surface atoms and sulfur have
energy states outside the III-V semiconductor fundamental bandgap. This leads to the reduced
concentration of non-radiative recombination centers and, consequently, to the enhanced
photoluminescence (PL) signal observed from sulfur passivated wafers. The passivating layer, when
required, should be easily removable to make the atomically clean surface of III-V semiconductor
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available for deposition of new material. Self-assembled monolayers (SAMs) of thiols are of
potentially high interest for this application due to their relatively weak bonding provided by sulfur
to Ga and/or As atoms and minimal thickness, which typically does not exceed a few nanometres.
Also, SAMs of thiols are of potential interest for fabricating a variety of masks required for nano-
scale patterning of GaAs, as well as for the fabrication of biological interfaces used for selective
attachment and identification of different bio-molecules. Therefore, since the first report by
Nakagawa and his co-workers on the passivation of (100) GaAs with octadecyl thiol (ODT) SAMs
[5] many efforts have been dedicated to seeking a facile, durable and reliable approach to
functionalize III-V semiconductors [6-16]. Hou et al. reported a 10-fold PL enhancement from (100)
GaAs passivated with short chain SAMs of 3-mercaptopropyl-trimethoxysilane (MPT) [17].
However, the stability of the MPT coated GaAs was weak, as demonstrated by the rapid decay of the
PL signal within the first 48 hours following the passivation. Long-chain thiol passivation of InP has
enabled Schvartzman et al. [18, 19] to demonstrate a 14-fold increase of the PL signal intensity.
They have argued that longer chain SAMs provided not only more protection due to increased
thickness, but also improved packing of the monolayer due to the interchain van der Waals
interactions. The closely packed organic monolayer bound to the surface reduced the number of
dangling orbitals and created a physical barrier for the penetration of oxygenating species from the
environment.

It has been demonstrated that passivation of the (100) GaAs surface with long alkyl thiol SAMs
reduces the surface band bending and the width of the depletion region [10]. However, neither
efficiency nor stability of such interface and related PL measurements have been reported. In this
paper, we address this issue and investigate surface passivation of (001) GaAs with SAMs of thiols
having up to 15 methylene (CH;) chains. We also examine the influence of thiol’s terminal group on
the process of passivation.

2. EXPERIMENTAL DETAILS

Five long chain thiols have been investigated in this work: 1-hexadecanethiol (HDT,
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Fig. 1. Schematic diagram of five thiols structures used in this work.
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HS(CH,);5CH3), 16-mercaptohexadecanoic acid (MHDA, HS(CH,),5CO,H), 1-undecanethiol (UDT,
HS(CH;)0CHj3), 11-mercapto-1-undecanol (MUDO, HS(CH;);;0H), 11-mercaptoundecanoic acid
(MUDA, HS(CH;);0CO,H). The chemical structure of the employed thiols is schematically shown in
Figure 1. The 15-methylene chain thiols (HDT and MHDA) are terminated either with hydrophobic
(CHj3) or hydrophilic (CO,H) groups. Similarly, two 10-methlene chain thiols (UDT and MUDO) are
terminated either with CH; or CO,H groups. The 11-methylene chain thiol is terminated with a
hydrophilic OH group. The thiols were purchased from Aldrich and used as received.

The p-type (001) GaAs wafer (Zn-doped, 2 x 10 "atom cm™, Sumitomo) was used for the deposition
of the investigated thiols. Prior to SAM deposition, the wafer was cleaned in an ultrasonic bath
sequentially with OpticalClear, acetone and isopropanol for 5 minutes each (all solvents were VLSI
grade). The wafer was then etched in concentrated HCI for 1 minute and, subsequently, rinsed with
deionized water. This etching gives a shiny and hydrophilic Ga-rich surface. We note that etching of
the compound semiconductor substrate is a highly critical step in the manufacture of electronic
devices. The etching procedure dictates not only the quality of surface, but also its stoichiometry,
which influences the initial reactivity of the surface. For example, for the Cl,/GaAs (001) reaction, it
has been reported that the Ga-rich surface is initially more reactive than As-rich surface [20].
Since -SH in the thiol is less reactive than Cl,, it is essential to choose the appropriate etching
procedure to produce favorable surface conditions for Ga-S or As-S bonding.

After drying in nitrogen flow, the wafer was immersed in a 5 mM thiol solution in ethanol and 5%
aqueous ammonia. The SAMs investigated in this work were achieved following the 18 hour
immersion in the solution which was continuously purged with nitrogen and heated to 55 °C. After
SAM deposition, the wafer was rinsed with hot isopropanol, methanol and water, and finally blown
dried with nitrogen. In the case of carboxylic acid terminated thiols (MHDA and MUDA), the wafer
was immersed in 1% HCI for 5 minutes to recuperate —CO,H groups before rinsing in water and

drying.

Tapping-mode atomic force microscope (AFM) measurements were performed with a Veeco
Multimode Scanning Probe Microscope (Digital Instruments, Inc.). The applied resonant frequency
and force constant were 300 kHz and 40 N/m, respectively. The scanning rate was around 2 Hz.
Only one “flattening” procedure was applied to raw images before roughness analysis and drawing
cross-sectional profiles. Root-mean-square (rms) roughness was measured over 500 nm x 500 nm
areas.

Low temperature photoluminescence spectra were measured at 20 K by exciting the SAM-covered
and non-covered wafers with 50 mW diode laser operating at 683 nm. A Ge-detector was employed
to collect the PL signal. This PL setup was not efficient to yield a measurable PL signal at room
temperature from the investigated GaAs samples. Room temperature PL was measured by exciting
samples with a 248 nm excimer laser delivering 20 ns pulses. The excitation laser fluence was 0.8
mJ/cm®. To minimize the possible sample inhomogeneity, the spectra for each sample were
measured at three positions and the results were averaged.
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3. RESULTS AND DISCUSSION

AFM images of chemically etched (001) GaAs and a sample coated with SAM of S(CH,);sCHj3 are
shown in Figure 2. The surface of the etched sample (Fig. 2a) is almost featureless, with its RMS
roughness being about 0.66 nm. This compares with RMS of 0.71 nm for (001) GaAs coated with
S(CH,),5sCHj3 (Fig. 2b). It can be seen that the thiol covered surface consists of an array of small
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Fig. 2. Atomic force microscope images of etched (001) GaAs (a), and the sample that was immersed for 18 hours in
the HS(CH,);5CH3; solution (b).

domains, approximately 20 nm in diameter. Typically, domains are less than 2 nm in height, which
compares with the length of a fully extended —S(CH;);5CHj thiol chain aligned at a small angle to
the surface normal. The height of the observed domains is consistent with the formation of a
monolayer of the S(CH,),sCH; material. Several agglomerates, as indicated by the circle in Figure
2b, could also be detected within the investigated area. Typically, they were about 5 nm in height. It
is plausible that the formation of the agglomerates has been the result of an excessive exposure of
the sample surface to the thiol solution. Obviously, optimization of the process of deposition of
SAMs of thiols on the surface of GaAs requires a more systematic investigation.

The PL spectra from etched (001) GaAs and samples coated with SAMs of different thiols are shown
in Figure 3. It can be seen that the PL signal from coated samples clearly exceeds that from the
etched only wafers. The most efficient PL enhancement of 40% and 2.5 times has been observed for
samples coated with S(CH;);sCHj3 and excited with 683 and 248 nm lasers, respectively. The
absorption coefficient of GaAs at 683 and 248 nm is 1.8 x10* cm™ and 1.8 x10° cm™, respectively
[21]. This corresponds to the penetration depths, respectively, 550 and 5.5 nm. Thus, it is reasonable
to expect that the greater amplitude of the enhancement observed with the shorter-wavelength laser
is related to more efficient probing of the near surface region of the sample. For the same terminal
group (CHs or CO;H), the samples coated with SAMs of thiols having longer CH, methylene
chains have shown systematically greater amplitude of the enhanced PL signal. Also, thiols with
hydrophobic terminals (CH3) seem to provide better passivation as judged by the more intense PL
signal generated in samples coated with S(CH;);sCH3; and S(CH,),0CHs in comparison to that in
samples with SAMs of S(CH;);0CO,H, S(CH,);5CO,H and S(CH;);;OH. It is worth mentioning that
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the results presented in Figures 3a and b have been collected respectively for two separately
prepared set of samples. This implies that a reasonable reproducibility has been achieved concerning
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Fig. 3. Photoluminescence spectra of freshly etched (001) GaAs and samples covered with SAMs of different thiols.

sample surface preparation and deposition of SAMs of the investigated thiols. Stability of the (001)
GaAs-thiol interface has been confirmed by the PL measurements, which were repeated after 4
weeks. Effectively, the same amplitude of the PL signal enhancement was observed for all the
interfaces investigated in this work.

The preliminary attenuated total reflection Fourier transform infra-red spectroscopy (ATR-FTIR)
experiments [22] have shown that the alkyl chain orientation in the thiol SAM is dictated by the
terminal group. As shown in Figure 4, when the substrate is hydrophilic (etched with 37% HCI in
our case), hydrophobic terminated alkyl incline towards the substrate normal while the hydrophilic
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Fig. 4. Relative alkyl chain orientations for various thiols investigated in this work.
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terminated alkyl chains have a tendency to run almost parallel to the substrate surface. In addition,
they have a high affinity to ambient water and oxygen, which may account for their relatively lower
surface passivation efficiency. In contrast, the hydrophobic terminated SAMs, such as GaAs-
S(CH,),5CH3 and GaAs-S(CH;);0CH3 tend to be highly organized and closely packed. Therefore
they are more effective in protecting the surface of GaAs from contacting ambient oxygen and
moisture. Furthermore, longer chain SAMs offer a thicker diffusion barrier, hence GaAs-
S(CH,),5CH3 gave stronger enhancement of the PL signal when compared with GaAs-S(CH,),0CHs.

4. CONCLUSIONS

We have investigated the passivation efficiency of the surface of (001) GaAs with self-assembled
monolayers of thiols comprising relatively long methylene chains. Generally, based on the
observations of the enhanced photoluminescence signal, it has been determined that the 15-CH,
chain thiols more efficiently passivate the surface than the 10-CH, chain thiols. Although
qualitatively similar, the amplitude of PL enhancement was found to depend strongly on the
wavelength of the PL signal exciting laser. When compared with the etched only sample, a 40% PL
signal enhancement has been observed for the S(CH,);sCH3—GaAs interface excited with the 683 nm
laser. The same interface yielded a 2.5 times increased PL signal if excited with the 248 nm laser.
We attribute this increased ratio of the enhancement to the increased surface sensitivity of the PL
measurements carried out with the UV excitation source. SAMs with same-length CH, chains
provided better results (more enhanced PL signals) if their terminal groups were hydrophobic.
Hydrophobic terminated SAMs tend to be highly organized and closely packed, which leads to the
more efficient surface passivation through the sulfur interaction with Ga and/or As atoms. Stability
of the (001) GaAs-thiol interface has been confirmed by the PL measurements, which repeated after
4 weeks, showed effectively the same enhancement.
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