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Control over the electrical properties of semiconductor/metal ]
junctions is of importance in electronics, chemical sensing, and 10f?) b) T {06
energy conversion applications. For materials such as Si, the barrier g o ¢
height of semiconductor/metal Schottky barriers is relatively 2 5 04 <
insensitive to the work function of the metal, due to the formation £ 02 °
of metal silicides and/or the presence of other interfacial processes ™ <
that occur during junction formation. One means of circumventing 1] 3 ; . 0.0
this problem is to modify the semiconductor surface with moieties 06 04 02 00 28 30 32 34
that prevent the interfacial reaction from occurring, thereby Vo'V In(L N, /em™)
recoyerlng control over the electrical properties of such Schottky Figure 1. (a) Current density versus voltage responses for n-Si/Au devices
Junctions. using (- - -) H-terminated n-Si(111) with an evaporated Au film; )

Modification of Si(111) surfaces with G§ groups has been H-terminated n-Si(111) with a sintered Au NP film, and) (CHs-terminated
shown to protect the surface chemically while introducing an ”'Si(llc}_) witréasintered Au r;]a”OP?ftiCJe f”m-Thdei"”mi”ati?q(i)“mﬂ“es
?nterf_acial dipole, changing an ohmic contact to z_a highly rectifying \("Srﬁl:ajslilsrteewfvglel?:sra\fgr:ugrltmzﬁ;'tf;u:g;; Auerc;ZI\t/Iiizso made witchm
junction for “soft” Hg contacts made on n-Si(111) surfates. CHgterminated n-Si(111) and sintered Au NP films. The dotted line
However, for reactive metals such as Au or Cu, even fullyzCH  represents the bulk-recombination-limitegk.
terminated Si(111) surfaces are not sufficiently stable against metal
silicide formation during conventional thermal evaporation, resulting N-Si(111) exhibited noticeably higher values\k (Table 1) but
in sub-optimal, Fermi-level pinned junctioAdo prepare such Si/ ~ were still limited by interfacial majority-carrier charge-transfer
metal junctions without sacrificing chemical control over the Processes. Devices prepared from sintered Au NP films on
interfacial electronic properties, alternative, softer metal deposition H-terminated n-Si(111) showed, on average, highgwvalues than

strategies are necessary. analogous devices with evaporated Au. However, such junctions
Recently, soft metal deposition strategies such as indirect e-beameXhibited poor fill factors kF). In contrast, n-Si/Au devices made
metal evaporatiott or lift-off-float-on (LOFO) junction formatioh from deposition of sintered Au NP films on Gherminated Si-

have been developed. InP/Au and Fi@etal nanoparticle (NP) ~ (111) exhibited much highev,. values, while maintaining good
junctions have also been prepared from insulating layers of fill factors (Figure 1). The photoresponses of such junctions also
encapsulated, charged Au NPs or discrete metal/semiconductorshowed substantial stability, with excelledtv responses per-
nanocomposites, respectivély. We report herein the use of  Sisting for several weeks (Supporting Information).
butanethiol-capped,24 nm Au NPs as useful soft precursors for A guantitative analysis of the,. values for the Au NP precursor-
unpinned, high quality macroscale Schottky junctions using-CH Pased devices on GHSi(111) indicates that their energy conver-
terminated Si. In this approach, the NP layers are used as precursor§ion performance is limited by the properties of the bulk Si. For
to semitransparent, conductive, and macroscale metal top contactsPhotosensitive junctions with n-type semiconductor absorber layers,
Such cast metal NP films, when deposited ontoz@minated ~ the maximum obtainablé/o. is determined by bulk diffusion/
n-Si(111) sufaces and sintered to remove the encapsulant alkylthiol"€c0mbination processes within the semiconductor, according to
ligand2° result in Schottky junctions that are free of deleterious the Shockley diode equatitieq 1):

interfacial reactivity between Au and Si, and produce unpinned Si/ kT kT [ILN
Au contacts without the need for either expensive metal deposition V. =—_] Jl (=D 1
. . ; oc n 2 )
instrumentation and/or a buffer oxide layer. a \b q aD,n;

The reported Si Schottky junctions employed nondegenerately
doped n-Si(111) substrates that had been either H-termfn@iged Here, Jo and Js. are the dark saturation current and short circuit
<30 min) or CH-terminated' (aged 130 days) prior to use. The  photocurrent densitied,, is the minority-carrier (hole) diffusion
preparation of the tested devices is detailed in the Supporting length, Np is the bulk majority-carrier dopant densitip, is the
Information. Figure 1 shows representative current dendjitygfsus minority-carrier diffusion coefficientks is Boltzmann's constant,
voltage ) data for the tested devices. n-Si/Au junctions formed T is the temperaturey; is the intrinsic carrier concentration in the
from evaporated Au films on freshly H-terminated Si(111) yielded semiconductor, angis the charge on an electron. Figure 1b shows
open-circuit voltagesV.., of 0.25-0.3 V at light intensities the measurel,. values for devices made with Gierminated n-Si-
sufficient to produce short-circuit photocurrent densitlgs,of 10 (111) and sintered Au NP films, as a function of the bulk properties
mA cm~2. Such devices are well-known to be limited by thermionic  of Si. The experimentally measura. values were close to the
emission of electrons over the 6:0.8 eV barrier at the n-Si/Au calculated bulk-recombination-limite&¥,. values, and linearly
interface!? Similarly prepared devices employing Gtérminated increased with larger values of If\p), in agreement with eq 1.
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Table 1. Open-Circuit Voltages and Fill Factors of n-Si/Au
Devices?
No Ly
(cm~3)p (um)* device type? no.¢ Vo V FF
(5.9+£0.1) 220 CH-Si/AuNP 7 0.45:0.01 0.59+0.03
x 103
H-Si/Au evap 6 0.3k 0.01 0.56+0.02
(1.1+£0.1) 274 CH-Si/AuNP 12 0.49:0.02 0.59+ 0.07
x 10%°
CHgz-Si/Auevap 6 0.380.02 0.65+0.01
H-Si/AuNP 12 0.3A0.12 0.16+0.05
H-Si/Au evap 6 0.29:-0.01 0.63+0.02
(3.1+£0.1) 194 CH-Si/AuNP 6 0.56+0.02 0.56+ 0.09
x 106
H-Si/Au evap 4 0.24:0.01 0.61+0.02

2lluminated with a tungsten-halogen lamp sg = 10 mA cnT?2.
b Measured by 4-point probe method#Assuming rapid recombination at
the back ohmic contack,, ~ half the wafer thickness! AUNP = sintered
Au nanoparticle film:2 Number of tested devices.
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Figure 2. (a) Time-resolved photoconductivity decays of H-terminateq (
and CH-terminated {) Si(111) in air after various treatments. Top:
photoconductivity transients of H-terminated Si(111) after 10 min in air
versus CH-terminated Si(111) after 2 days in air. Middle: gtérminated
Si(111) after soaking for 30 min in a GBI, suspension of Au NP.
Bottom: CHs-terminated Si(111) soaked in the Au NP suspension and then
heated in vacuum at 23@ for 30 min. (b) X-ray photoelectron spectra of
CHs-terminated Si(111) after treatments as in (a).

This behavior is in contrast to the behavior of junctions between
H-terminated n-Si(111) and evaporated Au films (Table 1), which
were insensitive to the bulk Si properties and thus dominated by
junction-based recombination.

The difference between th&V behavior for sintered Au NP
film devices made on H-terminated and &términated Si(111)
surfaces, respectively, can be understood in terms of the relative
stability and electronic properties of the different surfaces under
ambient conditions. Figure 2 displays time-resolved photoconduc-
tivity decay and X-ray photoemission spectroscopy (XPS) data for
the surfaces of interest. The time-resolved photoconductivity decays
of float-zone-grown Si(111) following a pulsed light € 830 or
905 nm, Supporting Information) excitation yield the rate of
photoexcited charge-carrier recombination at the surface, which in
turn yields a value for the surface recombination veloc®j: As
shown in Figure 2a, H-terminated Si(111) surfaces exhibited large
values ofS(500+ 140 cm s*?) after only 10 min in air. In contrast,
CHs-terminated Si(111) surfaces exposed to ambient conditions for
over 48 h still exhibited relatively lov values,S= 45+ 7 cm
s L. Subsequent immersion of G#$i(111) surfaces for 30 min in
CH,ClI; suspensions of Au NP, in addition to heating at 2@Cfor
30 min, did not significantly decreasg(Table S1). Consistently,
H-terminated Si(111) substrates exhibited significant oxide signa-
tures in their Si 2p XP spectra after soaking in suspensions of Au

NP in CHCl,, commensurate with a surface oxide thickness of
2.2 A. In contrast, as shown in Figure 2b, high-resolution Si 2p
XP spectra of Chtterminated Si(111) substrates showed relatively
little oxidation after each of the same process steps described in
Figure 2a. From the adjusted ratios of the integrated signal
intensities, the oxide thickness observed after each process step
was <1.2 A, i.e., <0.35 monolayers. Thus, coating of the £H
terminated Si(111) surface with Au NPs either before or after
sintering did not lead to appreciable surface oxide growth, in
contrast with the well-documented activity of Au for catalyzing
the oxidation of H-terminated Si surfacts.

The electronic quality of Ckiterminated Si(111) surfaces is thus
remarkably durable even after prolonged storage and processing.
The combination of Cktterminated Si(111) and butanethiol-capped
Au NP precursors allows for the formation of high quality Si/Au
junctions without extensive formation of an interfacial Au silicide
layer or production of a substantial, thick surface oxide, as
demonstrated by the observ¥y; values. Unlike formal metal
insulator-semiconductor (MIS) device structures, which utilize oxide
films that are several monolayers in thickness (8 A), the devices
reported here represent MIS-type architectures in which the
interfacial layer is composed of alkyl groups covalently bonded to
the Si surface atoms. In addition to the £Hjroups on the Si-
(111) surfaces, residual butanethiol groups still attached to the
coalesced Au film may aid in buffering chemical interactions
between the Au and Si atoms. These n-Si/Au junctions therefore
contain a completely “organic” interfacial layer that supports large
ratios of hole to electron injection currents.
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