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Abstract: The effective use of nanocrystalline semiconductors requires control of the chemical and electrical
properties of their surfaces. We describe herein a chemical functionalization procedure to passivate surface
states on GaAs nanocrystals. Cl-terminated GaAs nanocrystals have been produced by anisotropic etching
of oxide-covered GaAs nanocrystals with 6 M HCl(aqg). The Cl-terminated GaAs nanocrystals were then
functionalized by reaction with hydrazine or sodium hydrosulfide. X-ray photoelectron spectroscopic
measurements revealed that the surfaces of the Cl-, hydrazine-, and sulfide-treated nanocrystals were
As-rich, due to significant amounts of As®. However, no As® was observed in the photoelectron spectra
after the hydrazine-terminated nanocrystals were annealed at 350° C under vacuum. After the anneal, the
N 1s peak of hydrazine-exposed GaAs nanocrystals shifted to 3.2 eV lower binding energy. This shift was
accompanied by the appearance of a Ga 3d peak shifted 1.4 eV from the bulk value, consistent with the
hypothesis that a gallium oxynitride capping layer had been formed on the nanocrystals during the annealing
process. The band gap photoluminescence (PL) was weak from the Cl- and hydrazine- or sulfide-terminated
nanocrystals, but the annealed nanocrystals displayed strongly enhanced band-edge PL, indicating that
the surface states of GaAs nanocrystals were effectively passivated by this two-step, wet chemical treatment.

1. Introduction recently, hydrazine treatments of GaAs(100) have been reported
to be more effective than sulfide treatments at increasing the
photoluminescence (PL) intensity of GaAs in contact wittfair.
To our best knowledge, this chemistry has not previously been
explored on nanocrystalline GaAs surfaces.

Chemically synthesized GaAs nanocrystals provide potential
advantages over bulk single-crystal GaAs, in terms of both cost
9 and the ability to exploit quantum confinement effects. GaAs
nanocrystals are however much less thoroughly studied than
their various I-VI counterpart$:1° Several procedures have
been reported for the synthesis of GaAs nanocrystafanany

GaAs is one of the most important semiconductors in modern
electronics: Specifically, GaAs has been used as the absorber
layer in some of the most efficient solar cells constructed to
date? Unlike Si, for which the H-terminated Si(111) surface
and Si/SiQ interfaces are highly passivated electrically, most
devices that use GaAs require the presence of epitaxial cappin
layers, such as AGa—xAs, to minimize the effects of electrical
trap states at the GaAs surface. While these methods yield
extremely low recombination velocities at single-crystal GaAs/

Al _As interf 4 th re not well suited to mor L . .
Ga,As interfaces; they are not well suited to more of which involve the reaction of an As precursor with GacCl

heterogeneous structures, particularly solution-grown GaAs The reaction is performed in a coordinating solvent that caps
nanocrystals or nanowires. For these types of structures, a Se%he nanocrystals and controls their growth* Unlike CdSe

of versatile solution passivation chemistry techniques would be .
P y q nanocrystals, for which coreshell structures have been devel-

quite valuable. . . S
Several different wet chemical procedures have been Shownoped to passivate the interface states and yield intense band
P gap PL>16no such method has been reported to date for GaAs.

to provide some degree of electrical passivation of bulk GaAs
surfaces. Sulfide- and thiol-based treatments have been showr A general set of methods for the chemical functionalization and

to improve the electrical properties of GaAs surfatésMore
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Concentrated (12 M) HCI(aq) (Baker), concentratetii{aq) (Aldrich,

35 wt %), and sodium hydrosulfide hydrate (Na8H.O) were used

as received. Hydrazings monohydrated, (Aldrich) was diluted with
DO (Aldrich) to give a 35% by weight solution. B with a resistivity

> 17.8 MQ cm™, obtained from a Barnsted Nanopure system, was
used at all times.

GaAs nanocrystals were synthesized according to the method of Kher
and Wells?* First, 0.56 g of NaK alloy and 0.51 g of As (9% excess)
were suspended in toluene and refluxed under flowing ultrahigh purity
Ar for 2 days, to yield (Na/KgAs. This black suspension was cooled
to 0 °C, and 1.17 g of Gagldissolved in either toluene or bis(2-
methoxy ethyl) ether was then added. This mixture was refluxed for

Figure 1. Cross-sectional structure of GaAs and its (111) surfaces. Dark ap additional 2 days under Ar. The solution was then cooled to room
atoms represent Ga, and light atoms represent As. The (111)A face at t.hetemperature, ane70 mL of H,O were added. After 30 min of stirring
top of the image has Ga dangling bonds normal to the surface plane, while

(111)B face at the bottom of the image has As dangling bonds normal to ur_lder Ar, the black suspension was opened to air, filtered, and rinsed
the surface plane. with water. The collected dark gray solids were heated to°80nder
vacuum to remove excess As. Alternatively, when the reaction was
passivation of GaAs nanocrystals is an important step for the complete,~70 mL of CHOH were added. After 30 min of stirring,
widespread use of these materials in both fundamental Studieéhe suspension was then allowed to settle for 24 h. The supernatant
and in optical and electronic devices solution was removed;~300 mL of CHOH were added, and the

We d ib hod f ivating GaA Is th solution was allowed to settle for another 24 h. The supernatant was
e describe a method for passivating S nanocrystals t atthen removed, and the black solids were collected by centrifugation.

produces strongly enhanced band gap PL emission. Etchingrhese solids were rinsed with GBH, driedin vacug and heated to
native oxide-terminated single-crystal GaAs(111)A surfaces with 350 °C under vacuum to remove excess As.
a 6 M HCl(aq) solution has been shown to produce highly  To Cl-terminate the surfaces, the synthesized GaAs nanopatrticles
ordered}” 18 oxide-freé® Cl-terminated surfaces. Furthermore, were sonicatechia 6 MHCI(aq) solution for 40 min and the suspension
of all low index GaAs surfaces, the (111)A face, shown in Figure was then centrifuged. The etching solution was removed with a pipet,
1, is known to have the slowest etch rate in contact with and the collected particles were rinsed with fresh etching solution. The
oxidizing etche€® Thus, we reasoned that treating as- particles were sonicated in a fresh etching solution for another 5 min
synthesized, oxide-capped GaAs nanocrytatith 6 M HCI- ang tEen centlrlfuged agsun. é'hl“al M HdCI(aq) solution was removed,
(aq) would cleanly remove the oxide layer and anisotropically and the particles were then collected. L

. . . Hydrazine functionalization reactions were performed by sonicating
etch the nanocrystals, predominantly producing surfaces termi- L

. the etched GaAs nanocrystals for 30 min in a concentratdd (M)

nated by GaCl bonds. We demonstrate that this procedure

. . ) aqueous hydrazine solution and allowing the particles to settle at
indeed is applicable to GaAs nanocrystal surfaces. Furthermore.ampient temperature for an additional 2 h. The suspension was

we demonstrate that the surface-bound Cl can be displaced bycentrifuged, and the supernatant was removed. The particles were then
wet chemical reactions to introduce other functional groups onto rinsed and centrifuged with water or acetone. Once dispersed in acetone,
the GaAs surface. This two-step functionalization procedure is the solids could not all be collected by centrifugation, and the acetone
not restricted to bulky groups chosen to limit the growth of the rinses retained a reddish-brown color, suggesting a significantly higher
nanocrystals and allows for a significant degree of control over solubility for the functionalized particles. This solution displayed an
the chemistry of the resulting capped GaAs nanocrystal surfacesabsorption peak at480 nm but was not subjected to further analysis.
Importantly, such functionalized GaAs nanocrystals show Functlonallzathn with NaSH was performed by thg same method
intense band gap PL, indicating that the electrical trap density & that for hydrazine except tha 1 M NaSH(aq) solution was used
has been significantly reduced on their surfaces and therefore|nstead of the hydrazine solution. As with the hydrazine-treated patrticles,

some fraction of the NaSH-treated GaAs nanoparticles could not be

possibly enabling the use of GaAs nanocrystals for Spe(:tr()SC()p'ccollected by centrifugation, leaving a reddish-brown supernatant.

investigations and electronic device applications similar to those 5 5 |strumentation. TEM images were obtained on a Philips
that have been developed for cerghell capped H-IV EM430 300 kV microscope, whereas powder X-ray diffraction (XRD)
nanoparticle? data were collected using a Philips X’Pert Pro diffractometer with a
Cu anode X-ray source. Samples for XRD were dispersed onto a “zero-
background” Si substrate.

2.1. Materials and Methods.Arsenic powder (ESPI, 99.9999%), X-ray photoelectron spectroscopy (XPS) was performed using a
ultra-dry GaC} (Alfa, 99.9999%), and 44:56 Na/K alloy (Strem) were ~ Surface Science M-Probe systéhi® Samples were dispersed on
used as received. Toluene (Aldrich) and bis(2-methoxy ethyl) ether degreased, conductive Si substrates, inserted via a quick-entry load lock
(diglyme) (Alfa) were distilled over Na and degassed before use. into the ultrahigh vacuum (UHV) chamber, and kept at a base pressure
of <1 x 107° Torr. For these experiments, 1486.6 eV X-rays generated

2. Experimental Section

(16) Peng, X. G.; Schlamp, M. C.; Kadavanich, A. V.; Alivisatos, AJPAM. from an Al Ka source illuminated the sample at an incident angle of
Chem. Soc1997, 119 7019. o ; ;

(17) Lu, Z. H. Chatenoud, F.: Dion, M. M.: Graham, M. J.: Ruda, H. E.: 35° off of the surface. Photoelectrons emlttgd anng a trajectofy 35
Koutzarov, I.; Liu, Q.; Mitchell, C. E. J.; Hill, I. G.; McLean, A. BAppl. off of the surface were collected by a hemispherical analyzer. The
Phys. Lett.1995 67, 670. vertical planes of the source and analyzer were at right angles to each

883 Lu, Z. H.: Tyliszezak, I_‘:Sﬂft&r}gﬁgﬁf'ljﬁgﬁ's\,‘vggbB&%?ﬁ;%nlsiﬁsﬁg g other. For the oxide-terminated GaAs nanoparticles, an 8711 Charge

S.; Lewis, N. SJ. Phys. Chem. R006 110, 15641. Neutralizer electron flood gun (Surface Science Instruments) was used

(20) Tarui, Y.; Komiya, Y.; Harada, YJ. Electrochem. Sod 971, 118 118. ; “ »
(21) Kher. S.’S.: Wells, R. LChem. Mater1994 6, 2056, to compensate the charging effects. On each sample, a “survey” scan

(22) Eisler, H. J.; Sundar, V. C.; Bawendi, M. G.; Walsh, M.; Smith, H. I.;

Klimov, V. Appl. Phys. Lett2002 80, 4614. (25) Bansal, A.; Li, X. L.; Yi, S. I.; Weinberg, W. H.; Lewis, N. S. Phys.
(23) Colvin, V. L.; Schlamp, M. C.; Alivisatos, A. Mature 1994 370, 354. Chem. B2001, 105 10266.
(24) Afzaal, M.; O'Brien, P.J. Mater. Chem2006 16, 1597. (26) Webb, L. J.; Lewis, N. SJ. Phys. Chem. BR003 107, 5404.
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of core photoelectron binding energies from 1 to 1200 binding eV was
collected to identify the chemical species present on the surface. Higher
resolution data were collected for the atoms of interest.

Energies deduced from all of the XPS measurements are reported
herein as binding energies in eV. All binding energies are referenced
to the bulk (Ga)As 3¢, peak at 41.1 eV. Before fitting the data, a
Shirley background was calculated and subtracted from the original
spectr&’~2° In accord with reported procedures, the As 3d spectra were
fitted to a series of 80% Gaussian/20% Lorentzian Voigt-function
doublets to account for the ggland 3d,, spin—orbit components of
each peak. The peaks that comprised each doublet were mutually
constrained to have the same peak width, to be separated by 0.7 eV,
and to have an area ratio of (3®)Peak widths for the bulk and } } } f |

Intensity (a.u.)

elemental As peaks were typicallyl eV. Because the separation 20 30 40 50 60 70
between the 3gb and 3d,; spin—orbit components of the Ga 3d peak 20 Degrees

0 i
(0.44 eVy |s.5|gn|f|cantly !ess th.an the resolution of our spectrometer, Figure 2. Powder X-ray diffraction pattern of GaAs nanocrystals,
the Ga 3d signals were fit as single peaks. synthesized from toluene. The upper diffraction pattern is for the as-

Diffuse reflectance infrared (IR) spectra were collected with a Vertex synthesized material, while the lower one was measured after HCI(aq)
70 Fourier transform IR (Bruker Optics) using a Seagull variable-angle etching. Index labels refer to GaAs lattice reflections, while the broad peaks
reflectance (Harrick Scientific) attachment. The sample chamber was centered at approximately 3&nd 63 in the as-synthesized diffraction
continually purged with Ng) during data collection. Samples were ~Pattern correspond to Q@s.

dispersed on degreased stainless steel plates. Data were collected from . . ) )
4000 cm! to 500 cntt at 2 cnt! resolution for angles between 15  Of the diffraction peak, and has its usual meaning. Based on

and 60 degrees, for which the strongest signals were observed. 256he reflection of the GaAs (111) plane, the crystals had an

scans were taken for each sample, with background scans of the samplaverage diameter of 39 nm, close to the reported value of 36

plate subtracted from each spectrum. Reflectance spectra were Kubelka nm for particles made by this methddand well above the

Munk transformed (KM= (1-R}/2R), and for samples with stronger  calculated quantum confinement limit for GaAs-e19 nm32

light scattering, a scattering background was subtracted. Somewhat smaller~30 nm) diameter GaAs nanocrystals
Photoluminescence (PL) measurements were made on particles thanere produced when the GaQprecursor was dissolved in

were dispersed in optical grade bH (EMD Chemicals). The particles diglyme, rather than toluene. Such nanocrystals were however

were then either loaded into quartz cuvettes or were deposited as films . ifi ty | than th btained . | . .
on Si substrates. The particles were excited with an Ar ion laser significantly larger than those obtained previously using nomi-

operating at 488 or 514 nm at an output power density of 300 mw nally the same preparation methd® GaAs nanoparticles
mm-2. No differences in PL behavior were observed between spectra Synthesized with diglyme and worked up in €bH were
collected at these different excitation wavelengths. The PL signals were approximately the same size but exhibited significantly less
collected from the front face of the Si substrate or the cuvette with a Gg0Os in the XRD data than those synthesized in diglyme and
Princeton Instruments Spec-10 Si charge-coupled device (CCD) detectorworked up in HO.
(sensitivity range 2001100 nm) cooled with liquid Nto —132°C, 3.1.2. X-ray Photoelectron SpectroscopyDue to substantial
in conjunction with a 27.5-cm focal length Oriel MS257 grating charging effects, the XPS data on the oxide-capped particles
spectrograph. A 550-nm long-pass filter in front of the entrance slit o e gitficult to interpret quantitatively. Samples for which the
was used to cut off scattered laser illumination. . .
use of an electron gun for charge compensation was required
3. Results and Discussion exhibited a greatly decreased signal-to-noise ratio relative to
more conductive samples. To within the sampling depth of the

i . . . experiment, the data were completely dominated by signals
GaAs Nanocrystals. 3.1.1. X-ray Diffraction Figure 2 shows arising from Ga and As oxides (Figure 3). The surface was

the powder X-ray diffraction pattern for the toluene synthesized, sianificantly enriched in aallium oxides. presumably due to
oxide-capped GaAs nanocrystals. The most prominent peaks 9 y 9 P y

were ascribable to reflections from the GaAs lattice planes. Two subhmamon of AgQg during th? purification step and/or due to
oo the higher solubility of As oxides than Ga oxides in aqueous
broad peaks were also clearly observed, indicative of the - aa
solutions?
presence of some amorphous,Ga

The average diametdr, of these crystallites was determined i 3.1.:?I.QD|ffuste Re:lecta?ce ”?j SpecftraT!:je (ihffus.e rtef(ljec(:;aA
through use of the Scherrer equatfn: ance IR spectra of neat powders of oxide-terminate s

nanoparticles exhibited broad peaks observed at 1225, 1040,
K 825, and 630 cmt (Figure 4), respectively. For the nanocrystals

= Bcoso (1) worked up in CHOH rather than KO, the band at 825 cm

was significantly less intense. In accord with previous IR studies

of GaAs and its oxide® the bands at 1040 and 825 chtan

be ascribed to A©s. The band at 1040 cm has been observed

for the cubic Arsenolite phase of AGB3,3¢ while the band at

3.1. Characterization of As-Synthesized, Oxide-Coated

In this relationshipK is a structure constant of 0.94,is the
wavelength of the X-raysS3 is the full width at half-maximum

(27) Proctor, A.; Sherwood, P. M. AAnal. Cheml982 54, 13.

(28) Shirley, D. A.Phys. Re. B 1972 5, 4709. (32) Brus, L. E.J. Chem. Phys1984 80, 4403.
(29) Contini, G.; Turchini, SComput. Phys. Commut996 94, 49. (33) Hagan, C. R. S.; Kher, S. S.; Halaoui, L. I.; Wells, R. L.; Coury, L. A.
(30) Eastman, D. E.; Chiang, T. C.; Heimann, P.; Himpsel, FPh¥s. Re. Anal. Chem1995 67, 528.

Lett. 198Q 45, 656. (34) Kirchner, C.; George, M.; Stein, B.; Parak, W. J.; Gaub, H. E.; Seitz, M.
(31) Klug, H. P.; Alexander, L. EX-Ray Diffraction Procedures For Polycrys- Adv. Funct. Mater.2002 12, 266.

talline and Amorphous Material2nd ed.; John Wiley & Sons: New York, (35) Vilar, M. R.; El, Beghdadi, J.; Debontridder, F.; Artzi, R.; Naaman, R;

1974. Ferraria, A. M.; do Rego, A. M. BSurf. Interface Anal2005 37, 673.
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Figure 3. XPS spectra of as-synthesized GaAs nanocrystals from toluene,
showing the As 3d (a) and Ga 3d (b) regions. Dotted lines show the expected

binding energy of the bulk GaAs peaks.

IR data would be expected to also exhibit signals ascribable to
Ga(lll) oxides. No IR signals were observed at the energies
reported for powderéf or cubic 8-Ga03.36 The previously
observed peaks for amorphous,Ggf are however at 305 and
550 cntl, outside of the experimentally observable energy
range. Consistently, the XRD data (Figure 2) suggest that the
native oxide is highly amorphous. We tentatively assign the peak
at 1225 cm! to GgO, a known component of native oxides
on GaAs.

3.2. Characterization of HCl(aq)-Etched GaAs Nanocrys-
tals. 3.2.1. X-ray Diffraction. After etching with HCl(aq), only
GaAs-based plane reflections, and no signals ascribable to
amorphous G#3, were present in the XRD pattern (Figure 2)
of the GaAs nanoparticles. Line broadening measurements of
the etched particles indicated their average diameter had been
reduced to~22 nm. This behavior implies that the crystalline
core, as well as the surface oxides, had been etched.

3.2.2. Transmission Electron Microscopy.TEM images
revealed the effects of this etching on the morphology of the
nanocrystals. The oxide-capped nanocrystals were observed to
be roughly spherical (Figure 5a). In contrast, the etching process
was anisotropic, and crystal facets were revealed (Figure 5b).
The obtained TEM images were not of sufficient resolution to
resolve which faces had been revealed. However, studies on
single crystals have shown that the (111)A, Ga-rich surface is
the face that is most slowly etched under oxidizing conditféns.
Because other crystal faces are etched away more rapidly, it is
likely that the (111)A was preferentially revealed by the 6 M
HCl(aq) etch.

825 cn1! has been observed for the monoclinic Claudetite phase  3.2.3. X-ray Photoelectron Spectroscopy. 3.2.3.1. Cl 2p
of As;03.37 A strong band at 625 cm has been observed for
amorphous Ag33% The GaAs nanocrystal IR data also
contained a broad peak at3600 cnT! and a weaker peak at
~1600 cnt?, both of which were assigned to surface-bound

water.

Signals.As expected, Cl signals were observed in survey scans
of the HCl(aqg)-etched GaAs nanocrystals. A detailed scan of
the Cl 2p region revealed a doublet, with the Ckz2mpeak

centered at 198.5 eV. The relative intensity of this doublet,
compared to the neighboring As 3s peak (205 eV), was much

The XPS results (Figure 3) indicated the presence of greater than that observed on the Cl-terminated GaAs(111)A
significantly more gallium oxides than arsenic oxides, so the surfacel® as expected for a surface-bound species on a higher

1380 1280 1180

peak at 1225 cmt is assigned to G&.
958 J. AM. CHEM. SOC. = VOL. 130, NO. 3, 2008
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Figure 4. Diffuse reflectance infrared spectrum of as-synthesized GaAs nanocrystals. Peaks at 1040, 825, and 68frespond to A%s, while the
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100 nm i

5 nm 5 om

Figure 5. (@) Transmission electron micrographs of oxide-terminated GaAs nanocrystals. (Above) A collection of agglomerated particles. (Below) A single
oxide-terminated particle. (b) TEM images of Cl-terminated GaAs nanocrystals. In contrast to the oxide-terminated nanocrystals, the &-articias
were well-separated, and the beginnings of facet formation could be seen.

surface area sample. When the HCl(aq)-etched GaAs particlesnanocrystalline sample, differential charging effects cannot be
were rinsed with water, methanol, or acetone, the Cl signal wasruled out. However, as discussed below, the peak at 41.7 eV
not observed, suggesting that the surface Cl-bonds are relativelyappears under a variety of different surface conditions, including
reactive. those for which no Cl is present. Given these observations, it is
3.2.3.2. As 3d SignalsXPS data for the As 3d region of the  not likely that Cl-bonded (Ga)As surface sites contribute
HCl(aqg)-etched GaAs particles showed the complete removal significantly to this signal.
of As oxides (Figure 6a). The remaining As signal was resolved  3.2.3.3. Ga 3d SignalsThe Ga 3d region showed the removal
into two spin-orbit doublets, representing two As chemical of most surface oxides as a result oé th M HCl(aq) etching
species on the surface. The lower energy Ag;3ikak at 41.1  procedure. The Ga 3d signal was well-fitted by two peaks
eV is consistent with expectations for bulk GaAs. The As3d  representing separate Ga species (Figure 6b). The larger peak,
peak at 0.6 eV higher binding energy is assigned to elementalcentered at 19.3 eV, is consistent with expectations for bulk
As, consistent with previous reports for the binding energy of Ga(As), while the smaller peak, at 20.7 eV, is ascribable to
As’38 A Cl-bonded As surface site might be expected to appear Gg,0,.38
at higher binding energy than the position.of the observed §igna|, The binding energy of Cl-bonded surface Ga atoms is known
as observed for the shift of Cl-bonded Si atoms on the Si(111) to be shifted only 0.35 eV from the bulk Ga 3d pédla shift

surface relative to the bulR To our k_nowledge, the binding significantly less than the energy resolution of the available
energy of a Cl-bonded As surface site has not been reF)c’rte‘]l’laboratory XPS instrumentation. Any G&Il surface species

and itis cgncelvable that the ;lgnal from such a species would are thus expected to appear as part of the bulk peak at 19.3 eV.
overlap with that from A% Additionally, for a heterogeneous, . .
Because the particles were deposited on the XPS substrate
(36) Palik, E. D.; Ginsburg, N.; Holm, R. T.; Gibson, J. W¥Vac. Sci. Technol. directly from the aqueous etching solution and dried for several
197§ 15, 1488. . S )
(37) Flynn, E. J.; Solin, S. A.; Papatheodorou, G.Rhys. Re. B 1976 13, m_mUteS n a_lr’ the G, was presum_ably formed by reac“on
1752. with the residual water present during the preparation of the
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@ T depth probed by XPS at the incident photon energy used in
data collection. For the particles synthesized using an aqueous
workup, the ratio of the A53ds, (0 = 1.213) peak area to the
bulk Ga 3d ¢ = 1.085) peak area was 2.4:1, suggesting a
significant excess of elemental arsenic on the nanocrystal
surfaces.

There are several possible sources of excessidghis
material. Some of the Asnay be formed during the wet etching
process. Etching of the native oxides on the GaAs(111)A face
with the same HCl(aq) solution has been observed to produce
As’-free surfaced? but this reaction probably does not proceed
as cleanly on other GaAs faces or at step edges. Unreacted As
| | | | J starting material may get trapped in the oxide layer during the
49 47 45 83 41 39 aqueous workup step, although no®Aises were observed in
the X-ray diffraction pattern of the oxide-capped particles.
Finally, elemental As may be formed at the oxide-GaAs
() | interface during the 350C vacuum annealing step of particle
purification, through the reaction of GaAs in contact with®@s
to form Ga0s and A9.43

Use of a methanolic workup in the synthesis of the nano-
particles should result in a much thinner oxide layer during the
annealing step and thus produce les8. &onsistently, a bulk
Ga to bulk As ratio of 1.3:1 was observed in the XPS data for
such particles. This excess of bulk Ga signal is consistent with
an etching mechanism that preferentially reveals Ga-rich faces.
As® was still observable on this surface, with ar’As (Ga)As
ratio of 1.2:1. While this represents a substantial reduction in
the amount of elemental As present, such levels dfaks still
sufficient to produce a high density of electrical trap sites, if
they are associated with the presence of surficial elemental As.

3.3. Chemical Functionalization of Cl-terminated GaAs
' < or I ted G | o Nanocrystals. 3.3.1. Hydrazine-Treated Samples. 3.3.1.1.
e s ot repvaconing e e St o g 18y Photoslection Spectroscopy Afer reatment wit
fit to peaks representing bulk Ga(As) and,Ga hydrazine, the Cl 2p peak at 198.7 eV was no longer detectable

in the X-ray photoelectron spectrum of the nanocrystals, while
samples for the XPS experiments. However, it is possible that @ N 1s peak appeared a401.5 eV. This N 1s binding energy
a small amount of oxide was not removed during the etching IS consistent with values previously observed for hydrazines on
process. GaAs* and Rd® surfaces.

Rinsing the Cl-terminated GaAs particles with a fresh etching N0 As oxide contaminants were observed even though the
solution was necessary before collecting XPS data or performing samples had been treated with water and acetone after exposure
further functionalization. If the particles were deposited on the to the hydrazine. The observed As photoemission peak was
Si substrate directly from the original etching solution, another resolved into two spirorbit doublets, with the 3gh components
strong peak, centered a21.1 eV, was observed in the Ga 3d centered at 41.1 and 41.7 eV, respectively, having an area ratio
region of the XPS data. This peak corresponded to Gaf{OEf) of 1:2. Hence the surface of the hydrazine-exposed particles
and presumably represented contamination due to Ga hydroxidegvas even more As-rich than the surface of the Cl-terminated
that were formed during the aqueous etching process. nanoparticles.

3.2.3.4. Surface Stoichiometry Although the equations The Ga 3d spectrum of the hydrazine-exposed nanoparticles
developed for the determination of overlayer thicknesses on flat displayed two peaks, a larger bulk emission at 19.5 eV and a
surface®’ cannot be applied to the nanoparticles, due to surface smaller component shifted to 20.1 eV. This latter binding energy
roughness and shadowing effett42the integrated peak areas, is consistent with G#, although a contribution from nitrogen-
corrected for the relevant sensitivity factarscan be used to  bonded surface Ga atoms is also possible. The bulk-to-surface
determine the relative elemental abundances within the samplespecies intensity ratio was 4.2:1.

3.3.1.2. Infrared Spectroscopy.The IR spectra of the
hydrazine-capped nanopatrticles showed a significant amount of

(39) Webb, L. J.; Nemanick, E. J.; Biteen, J. S.; Knapp, D. W.; Michalak, D. adsorbed water, which obscured observation eH\stretching
J.; Traub, M. C.; Chan, A. S. Y.; Brunschwig, B. S.; Lewis, NJSPhys.

Binding Energy (eV)

26 25 24 23 22 21 20 19 18
Binding Energy (eV)

(38) Surdu-Bob, C. C.; Saied, S. O.; Sullivan, JAppl. Surf. Sci2001, 183
126

Chem. B2005 109, 3930.
(40) Seah, M. P. Quantification of AES and XPSHractical Surface Analysjs (43) Thurmond, C. D.; Schwartz, G. P.; Kammlott, G. W.; SchwartzJB.

2nd ed.; Briggs, D., Seah, M. P., Eds.; John Wiley & Sons: Chichester, Electrochem. Socl98Q 127, 1366.

1990; Vol. 1; p 201. (44) Sun, Y. M.; Sloan, D. W.; McEllistrem, M.; Schwaner, A. L.; White, J.
(41) Martin-Concepcion, A. I.; Yubero, F.; Espinos, J. P.; TougaardSust. M. J. Vac. Sci. Technol., A995 13, 1455.

Interface Anal.2004 36, 788. (45) Truong, C. M.; Rodriguez, J. A.; Goodman, D. W.Phys. Chem1992
(42) Sanchez-Lopez, J. C.; FernandezSArf. Interface Anal1998 26, 1016. 96, 341.
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Figure 7. Diffuse reflectance infrared spectra of hydrazine-functionalized GaAs nanocrystals before (a) and after (b) annealing. Peak assignments are

discussed in the text.

bands in the region betweer8200 and 3300 cni. Reflectance

NH3 rocking modes, respectivef§.For NH*® and dimethyl

bands of varying intensity were observed at 1225, 1155, 1090, hydraziné* on GaAs(100) (4x 6), White et al. assigned an

800, 737, 685, and 635 crh (Figure 7a). Immediately after

HREELS peak at 844 cm to Ga—NHjy stretching.

annealing, the IR spectrum of the particles was dominated by a Based on the spectra of the oxide-terminated particles, we

single, broad reflectance peak at 685@ifFigure 7b). A small,
very broad reflectance centered at1100 cnmt! was also
observed. Some samples also included broad peak4 210,
1150, 1090, 820, and 680 cth

assign the peak at 1225 cinto GaO and the peaks at 635
and 800 cm! to contamination from Ags; in either the
Claudetite or amorphous phase. It should also be noted that
Ga—N vibrational modes have been observed in diffuse

Assignment of these bands is difficult due to disagreement reflectance IR experiments on GaN powdext 1230, 800, and
on the energies of vibrational modes for both hydrazine and 630 cnr® and may not be readily distinguishable from the oxide

GaAs surfaces modified with nitrogen moieties. Previous
reflectance IR studies of the nitridation of single-crystal GaAs
surfaces with atomic nitrogen reported values of 1200camd
1000 cn1? for a Ga—N stretch and an AsN stretch, respec-
tively.#® A high-resolution electron energy loss spectroscopy
(HREELS) study of hydrazine on GaAs(100)-c(&) assigned

a loss feature at 1295 crhto a Ga-NH; stretch?’” while a
similar study of ammonia on GaAs(100)-c(82) assigned loss
features at 618 and 985 cito Ga—N stretching and Ga

(46) Yamauchi, Y.; Uwai, K.; Kobayashi, Nipn. J. Appl. Phys. Part 2996
35, L80.
(47) Apen, E.; Gland, J. LSurf. Sci.1994 321, 308.

peaks. To confirm this assignment, IR spectra of the particles
were taken after several weeks of exposure to air. Consistent
with the XPS results showing some oxide formation, the
intensity of these peaks was greatly enhanced. Further, for
unannealed samples with excess As at the surface, the spectrum
of the air-exposed particles was dominated by the peak at 800
cm™1, while this peak was much weaker for the annealed
samples (vide infra). The peak at 737 ¢his near the value

(48) Apen, E.; Gland, J. LSurf. Sci.1994 321, 301.

(49) Zhu, X. Y.; Wolf, M.; Huett, T.; White, J. MJ. Chem. Phys1992 97,
5856.

(50) Centeno, M. A.; Delsarte, S.; Grange JPPhys. Chem. B999 103 7214.
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760 cnT! observed for a shoulder in the &2 spectrund® and @ T

can thus be assigned to this species.
To help identify the peaks at 1155, 1090, and 685 rthe T

Cl-terminated GaAs nanoparticles were functionalized with a

35 wt % solution of ND4 in D,O. As with NHs-treated i

particles, the relative intensity of the peaks varied significantly

between the various J0,-treated samples. However, the

energies of the peaks in the spectrum were unchanged, with

the exception of a new peak at 1970 ©@nThis behavior

suggests that these other peaks are due to either N-bonded

surface species or are due to other oxide phases that could not

be distinguished by XPS. Because the peak at 685! d¢snso 1 1 1 : |

dominant after annealing, it is unlikely to be related to surface 49 47 45 43 41 39

As species. We assign this peak to,Gg which has previously

been observed at 680 ci®>36 Peaks at 1080 and 1151 ch

have been observed during surface IR studies of GaAs(100)  (b)

modified with NaS and have been assigned te@ stretches!

although that assignment is clearly not applicable here. A broad

peak at 1100 cm has been observed for Claudetite,@g3®

and can be correlated to observed peaks at 1090 and 1100 cm

The peak at 1150 cm does not correspond to any known

gallium or arsenic oxide modes.

3.3.2. NaSH-Treated Samples.Treatment of the CI-
terminated GaAs nanoparticles with NaSH produced similar
XPS behavior as that observed following treatment with
hydrazine. Specifically, exposure to NaSH led to the disappear-
ance of the Cl 2p peak and the appeararfca 8 2pdoublet, ‘ — ' — = “ !
with the S 2, peak centered at 160 eV. Elemental As was 26 25 24 23 22 21 20 19 18 17
still present in detectable amounts on the SH-exposed surfaces, Binding Energy (eV)
although the contaminant-to-bulk ratio in the As 3d region was Figure 8. XPS spectra of bHa-functionalized GaAs nanocrystals after
greatly reduced (1:5.3). annealing under vacuum at 3%0. The As 3d spectrum (a) has been fit to

3.3.3. Annealed SurfacesTo remove the elemental As and a single doublet corresponding to bulk (Ga)As. A small amount of As oxide
As—N species from the nanocrystal surfaces, some hydrazine-;ist ?cl)st(\’lv\c’)'s")g:k? 2'3:::; pbérr‘]‘;'irr‘lg e gg(eAf)aa?%;Gp;c””m (b) has been
exposed samples were annealed at®Qnder vacuum. During
the annealing process, black and pale yellow solids collected
on the cold finger of the sublimator.

The photoelectron spectra of these samples showed that
several significant changes were effected by the annealing step.
The As 3d region was well-described by only a single doublet,
corresponding to the bulk (Ga)As peak at 41.1 eV (Figure 8).
A signal at~44.7 eV was also visible, representing some As
oxide contamination, but this peak was too small and broad for
a reliable fit to be obtained. The Ga 3d region still contained a
bulk peak at 19.3 eV, but the peak at 20.1 eV was replaced by
a signal at 20.7 eV. The change in the Ga 3d spectra was
accompanied by a shift in the binding energy of the N 1s peak < < < < < !
from 401.5 to 398.3 eV (Figure 9), indicative of the reduction 404 402 400 398 396 394 392
of surface-bound nitrogen. The observed N 1s peak energy is

1.2 eV higher in blndlng e”ergY than the val.ue of 397'1 ev Figure 9. XPS data for the N 1s region of Ns-functionalized GaAs
reported for (Ga)N? This peak is more consistent with the  nanocrystals before (upper) and after (lower) annealing. The peak at 394
binding energy of 398.2 eV observed for aNsO-3y eV is a Ga Auger line.

formed during the dry oxidation of GaM.In conjunction with o .

the Ga 3d peak at 20.7 eV, the data therefore suggest that thduled out, however. The observed binding energies of the As
annealing step led to the formation of a gallium oxynitride phase 3%/ G 3d, and N 1s peaks after etchingtltreatment, and

on the surface. Given the reported values of 398.5 eV foy NH annealing, respectively, are summarized in Table 1. The bulk

(x=1,2) on GaA¥ or 397.7 eV for imide on Ru(000%5,Ga- Ga to bulk As ratio was observed to bel:1, as expected for

bound surface amide or imide species cannot be definitively the core of the nanocrystals. .
For a surface of terminal amides or imides, hydrogen atoms

Binding Energy (eV)

Binding Energy (eV)

(51) Yota, J.; Burrows, V. AJ. Vac. Sci. Technol., A993 11, 1083. should be driven off at higher temperature to form a surface-

(52) Hedman, J.; Martensson, Rhys. Scr198Q 22, 176. ; ; ; it ;

(53) Wolter, S. D.; DelLucca, J. M.; Mohney, S. E.; Kern, R. S.; Kuo, C. P. cappm_g layer of elther term'_nal nitrides or cubic GaN. After
Thin Solid Films200Q 371, 153. annealing the hydrazine-terminated nanocrystals at6Qghder
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Figure 10. Steady-state photoluminescence intensity gfiNfunctionalized samples before (lower trace) and after (upper trace) annealing. No measurable
signal was observed from oxide-terminated samples.

Table 1. Core Photoelectron Binding Energies (eV, Referenced to etched and treated with eitheroMy or NaSH. In contrast,
the (Ga)As 3ds, Peak at 41.1 eV) nanocrystals that had been capped with either of these reagents
photoelectron Cl-terminated N2H, treated, N2H, treated, and additionally had been annealed displayed a peak at this
fine GaAs nanocrystals unannealed annealed wavelength that was more than 40 times more intense than the
As 312 41.1,41.7 411,417 41.1 other samples, suggesting significant suppression of surface trap
ﬁ‘algd 19.3,20.1 43(‘;:2' 201 333'3?' 207 states (Figure 10). The PL intensity of these particles did not

degrade even after several weeks in air, despite the fact the XPS
revealed the formation of some surface oxides.
vacuum, they were no longer sufficiently conductive to perform  For particles dispersed in GBH, photoluminescence was
XPS experiments without charge compensation from the electronobserved only from particles that had beegHMcapped and
flood gun. Spectra collected using the flood gun revealed a N annealed. However, when the GaAs nanoparticles were subse-
1s peak centered at 398.4 eV, i.e., virtually unchanged in energyquently dispersed on Si, all but the as-prepared oxide capped
from the peak observed following the lower temperature particles photoluminesced to at least some extent. Therefore,
annealing step. This result is more consistent with the formation we attribute this reduced PL signal in gbH either to increased
of a thicker oxynitride surface layer than the loss of hydrogen scattering or to a solution quenching process rather than
from amides or imides. chemical degradation by GBH. The fact that the pH,-treated

The annealed nanocrystals showed formation of both Ga andand annealed particles still showed significant PL under these
As oxides after 2 weeks in air. The N-capping layer was not conditions makes them an especially promising candidate for
stable in the original etching solution, and the photoelectron photoelectrochemical applications.
spectra of re-etched nanocrystals showed the disappearance of .
the N 1s signal and the reappearance dt. As 4. Conclusions

3.3.4. Photoluminescence of Functionalized GaAs Nano- Oxide-terminated GaAs nanocrystals have been chemically
crystals. As the size of a semiconductor nanocrytal decreases synthesized and etched to yield nanocrystals with Cl-terminated
below its excitonic Bohr radius, the band structure undergoes surfaces. These reactive surfaces have been used as platforms
quantum confinement and the band gap of the nanocrystalfor further functionalization with hydrazine or sodium hydro-
increase$? Brus has calculated that GaAs ought to display bulk sulfide. The surfaces of CI-, hydrazine- and hydrosulfide-capped
band gap behavior down to diameters~ef9 nm32 Based on nanocrystals all contained significant amounts of As contami-
the size measurements described above, a substantial majorityants and only displayed very weak band-edge PL. Annealing
of our nanocrystals were larger than this size, so their band edgethe functionalized nanocrystals under vacuum removed the
PL should be dominated by emission at the bulk band gap excess As and, in the case of the hydrazine-functionalized
energy, i.e., 1.43 eV (869 nm). particles, led to decomposition of surface-boungHNinto a

For particles dispersed on Si substrates, all of the samplessurface exhibiting XPS and IR data consistent with the formation
examined displayed broad light scattering peaks centeredof a capping gallium oxynitride layer. The band edge PL of the
between 650 and 700 nm. No photoluminescence was observedsaAs nanoparticles was strongly enhanced after this annealing
from the oxide-capped nanocrystals. Only a weak PL peak, step, confirming both that elemental As is an important
centered at 868 nm, was observed for nanocrystals that had beeelectronic trap state for GaAs nanocrystals and that this
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functionalization chemistry effectively reduces the density of collecting TEM images. This research was carried out in part
surface-related carrier trap states. at the Molecular Materials Research Center in the Beckman
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