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ABSTRACT: The semiconductors CuX (X = Cl, Br, I) are high-mobility p-type transparent conductors, promising for use in 
thin-film optoelectronic devices such as perovskite photovoltaics. These devices require smooth, pinhole-free films that are 
tens of nanometers thick but uniform across tens of centimeters. Chemical vapor deposition (CVD)—an established, scalable 
process—can provide excellent throughput, conformality, and uniformity on such large areas. However, no prior CVD method 
could produce continuous thin films of any cuprous halide. We have established such a method, preparing CuBr thin films by 
reaction between HBr gas and vinyltrimethylsilane(hexafluoroacetylacetonato)copper(I). Our method not only provides the 
desired device-quality films, but also opens up the possibility of a general route to the CVD of other metal halides.

■ INTRODUCTION  

Thin films of transparent conductive layers are important 
for a wide variety of optoelectronic devices, including 
photovoltaics and flat-panel displays.1 These films must be 
conductive, pinhole-free, and optically transparent. Relative 
to their n-type counterparts, the paucity and low 
performance of p-type transparent conductors (hole-
transport layers, HTLs) motivate new materials and new 
methods of thin film preparation.2,3 Promising emerging 
materials include SnO,4 NiO,5 alloys derived from Cu2O,2–5 

and the cuprous halides.6–9 

Chemical vapor deposition (CVD) methods, along with 
atomic layer deposition (ALD), hold especial interest for 
these applications. CVD is one of the main techniques used 
in industry to fabricate device-quality films of n-type 
transparent semiconductors because of its high throughput, 
conformality, and uniformity on areas up to 3 m wide.10 
However, the CVD methods available for p-type HTLs lag 
behind those for n-type materials. As an example, in the 
fast-growing context of perovskite photovoltaics, very few 
routes exist for CVD or ALD of any HTL.11 Especially as 
tandem perovskite-on-Si solar cells move towards 
commercialization, the implementation of p-i-n 
configurations12 will require conformal coatings of 
transparent HTLs atop textured Si solar cells.11 Because the 
HTL can represent half of the cost of a perovskite module,13 
deposition methods compatible with inexpensive, uniform 
coverage of large areas could be transformative. 

Cuprous halide thin films are increasingly applied as HTLs 
and provide a synthetic target with high device relevance. 
The promising p-type semiconductors CuX (X = Cl, Br, I) 
combine near-UV bandgaps (2.9 to 3.1 eV),14 high hole 
mobility (0.4 to 12 cm2V-1s-1 in polycrystalline films),15,16 

and transparency in the visible region. Because of these 
properties, CuI has been used in p-n junctions,14 
thermoelectric devices,6 and transparent HTLs in 
perovskite solar cells;7 CuBr has been used in thin-film 
transistors8 and organic photovoltaics.17 Many solution or 
physical vapor deposition methods afford CuX thin films,3 
including doctor-blading,7 spin-coating,18 vacuum and 
thermal evaporation,14,19,20 molecular beam epitaxy,21,22 r.f. 
sputtering,23,249 and solid or vapor iodination16,25 of Cu 
metal or Cu3N. However, these methods typically produce 
films that have inadequate smoothness, purity, continuity, 
or large-area uniformity for commercial application in 
optoelectronic devices.  

The only known CVD or ALD routes to cuprous halides 
provide either islands or impure films. CVD of CuI from 
reaction between 
cyclopentadienyl(triethylphosphino)copper(I) and 
ethyliodide results in islands of crystalline CuI.25 Similarly, 
ALD or pulsed-CVD using surface reactions of 
[bis(trimethylsilyl)acetylene](hexafluoroacetylacetonato)c
opper(I) and HCl or pyridine hydrochloride results in 
islands of CuCl crystallites.26–28 We have attempted atomic 
layer deposition (ALD) of CuBr using HBr and the volatile 
compound bis(N,N'-di-sec-butylacetamidinato)dicopper(I), 
[Cu(sBu2AMD)]2, and found that no film deposits under a 
variety of conditions.29 Under pulsed-CVD conditions, in 
which both precursor vapors are available in the reactor 
simultaneously, the product thin films of CuBr contain 
substantial carbon and nitrogen owing to acetamidinium 
bromide formed in an acid-base reaction between HBr and 
the free acetamidine released during deposition.29 To the 
best of our knowledge, continuous thin films of cuprous 
halides have not yet been attained by chemical vapor 
deposition. 
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In fact, just a handful of CVD and ALD processes can produce 
any metal halide thin films. Several metal fluorides can be 
deposited by ALD,30–34 and the first ALD of a metal iodide, 
PbI2, was recently reported.35 CVD can afford films of EuF3,36 
alloys of titanium and magnesium chlorides,37 and the lead 
halide perovskites.38 We know of no other halide film CVD 
processes. Accordingly, it is of considerable fundamental 
and applied interest to develop a more general route to 
metal halide CVD. 

In response to this challenge, we report herein the first 
chemical vapor deposition of a continuous cuprous halide 
thin film. Our method uses a reaction between the two 
commercially available reagents 
vinyltrimethylsilane(hexafluoroacetylacetonato)copper(I), 
Cu(hfac)(vtms), and HBr. Given the broad availability of 
volatile metal β-diketonates, this method paves the way for 
other CVD reactions to produce pure, continuous films of 
metal halides.  

 

■ RESULTS AND DISCUSSION 

Precursor selection. We designed the CuBr deposition 
such that protonation by HBr of a copper(I) complex 
bearing an anionic ligand releases the neutral form of the 
ligand and generates CuBr. To avoid contaminating our 
films with the HBr adduct of the newly released ligand,29,39 
we sought a precursor with a less basic anionic ligand than 
[Cu(sBu2AMD)]2. The several copper(I) compounds 
Cu(hfac)(L),40 where L is a neutral Lewis basic ligand, 
seemed attractive: the pKa of hexafluoroacetone is 4.6 (in 
H2O),41 much more acidic than unsubstituted acetamidine 
(pKa = 27.1 in DMSO).42 We selected Cu(hfac)(vtms) from 
among the several Cu(hfac)(L) compounds because 
vinyltrimethylsilane is less likely to be attacked by HBr 
(than, say, L = PMe3), and Cu(hfac)(vtms) is a volatile liquid. 
Liquid precursors provide better reproducibility of 
vaporization than solids, and are therefore preferred when 
available.  

Screen of substrates for deposition. CuBr films were 
grown in a custom-built, hot-walled ALD reactor (Figures 
S1-S2) which has been reported previously.29 In this 
reactor, we installed a bubbler containing the 
Cu(hfac)(vtms) precursor. Thin films of CuBr were 
deposited via pulsed-CVD using alternating exposures of 
Cu(hfac)(vtms) and HBr, according to the recipes described 
in the Experimental Section.  

The morphology of thin films grown by CVD often depends 
on the substrate. Cuprous halides do not easily wet metal 
oxides: we have observed that vapor-converted CuBr forms 
islands on SiO2,29 and that CuI forms islands on Cu2O under 
many experimental conditions.39 Similar island-growth 
results have been observed in the CVD of CuI on Al2O3, SiO2, 
Si, and GaAs.25 We therefore set out to assess our proposed 
CuX CVD process on alternative, non-oxide substrates that 
we believed could promote the formation of densely 
packed, continuous films instead of sparse islands. We were 
interested in a set of substrates that had low atomic 
number, for Rutherford Backscattering Spectrometry 
(RBS); that were optically transparent and electrically 
insulating, for UV-Vis and Hall effect measurements, and for 
ultimate applicability to thin-film transistors; and that were 

metallic, for ultimate applicability to devices like 
photovoltaics. Based on these requirements, availability to 
our laboratory, and surface free energy considerations that 
guided our previous vapor conversions to CuX,39 we 
selected three substrates for initial tests: glassy carbon, 
silicon nitride, and platinum. We also deposited upon silica 
for comparison. 

When we ran our standard p-CVD recipe at a substrate 
temperature of 83 °C, we observed grains approximately 
100 nm in diameter on each of the four substrate surfaces 
(Figure 1). These depositions were uniform across the 1″ × 
1″ substrates (Figures S5-S6). Consistent with our previous 
results from vapor-converted CuBr films,29 we found that 
CuBr grains on SiO2 were somewhat isolated from each 
other, with SiO2 substrate visible in the plan-view SEM 
micrographs. In contrast, the ~70 nm thick CuBr films 
grown on glassy carbon, silicon nitride, and platinum 
appeared continuous.  

Figure 1. SEM images of CuBr grown at 83 °C on (a) glassy 
carbon, (b) silicon nitride, (c) platinum, and (d) silica. All films 
were deposited using 600 cycles of the standard p-CVD recipe. 
Several fractures of CuBr on carbon planchets did not yield 
acceptable cross-sections.  The bright spots in (c) are a beam-
induced phenomenon, described in more detail in the SI. 

Film composition characterization. We next evaluated 
the elemental composition of the deposited thin films. We 
first used X-ray photoelectron spectroscopy (XPS). We 
found that the composition of our film grown on silicon 
nitride was 55% Cu and 45% Br by XPS (Figure S8). Matrix 
effects alter the detection efficiency of photoelectrons, and 
there is no a priori reason to expect the uncalibrated XPS 
values to be quantitative. Given the difference from the 
expected 1:1 ratio and the possible role of these matrix 
effects, we confirmed the composition with Rutherford 
backscattering spectrometry (RBS). RBS is typically used to 
detect, in a thin film, elements that are heavier than 
elements comprising the substrate. Thus, we subjected the 
film grown on glassy carbon to RBS analysis, allowing us to 
search for impurities of N, O, etc., to the ~1 at. % level. By 
RBS, we found that the areal density of Cu and Br were each 
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184 ± 3 × 1015 atoms/cm2, giving a stoichiometry of 
Cu1.00Br1.00±0.02. No other elements heavier than C were 
detected by RBS. Further, the peak shapes of the RBS 
spectra indicated compositional uniformity throughout the 
CuBr film (Figure S9). 

We complemented these composition measurements with 
X-ray diffraction (XRD). As shown in Figure 2, our CuBr 
films are crystalline and highly oriented in the [111] 
direction. The experimental pattern matches PDF 006-0292 
for γ-CuBr. Using the Scherrer equation, we calculated a 
value of 43 nm for τ, the mean size of the ordered 
(crystalline) domains. This value of τ is smaller than the 
apparent grain size by microscopy, which is between 50-
200 nm for the same film.  

Figure 2. θ-2θ XRD diffractogram of CuBr deposited on silicon 
nitride via 600 cycles of our standard p-CVD recipe. The blue 
dotted lines from PDF 006-0292, for γ-CuBr, are normalized 
such that the reference 111 peak height matches our CuBr data 
111 peak height. The asterisk (*) denotes a background peak 
associated with the underlying SiO2/Si substrate as described 
in the Supporting Information.  

Deposition temperature study. Based on our substrate 
screen, we chose to further study the deposition 
characteristics on silicon nitride and platinum substrates. 
We deposited CuBr using our standard recipe at a range of 
temperatures between 65 °C and 200 °C. CuBr grains 
increased in size as a function of temperature, on both 
silicon nitride (Figures 3 and S10) and platinum (Figure S7). 

When CuBr was deposited on silicon nitride, at the high end 
of the temperature range, at 136 °C, we observed both a 
dense layer of 50-100 nm CuBr grains and scattered ~1-μm 
CuBr particles. These particles are large enough to scatter 
light, such that the films grown at 110 °C and 136 °C appear 
hazy (see Figures 3c,d and S10c,d). In contrast, the films 
grown at or below 83 °C are transparent. The apparent film 
haziness increased with substrate temperature: the film 
grown at 136 °C was hazier than the film grown at 110 °C. 
The deposition of particles or “powder” is commonly 
observed in hot-walled CVD reactors.44,45 Such particles can 
result when CVD reactions occur between reactants in the 
gas phase, triggered by high concentration or high 
temperature.46,47 Light-scattering films are not suitable for 
many applications of transparent conducting layers, so we 

did not study this reaction at temperatures higher than 136 
°C on transparent substrates.  

The film morphology also varied with temperature when 
CuBr was deposited on platinum substrates. As shown in 
Figure S7, when films were grown by the same standard 
recipe on platinum substrates, CuBr grain size and CuBr 
layer thickness increased with substrate temperature. In 
particular, the CuBr layer thicknesses were 75 ± 5 nm when 
grown at substrate temperatures of 66 °C and 83 °C, but the 
CuBr grains were significantly larger when grown at the 
higher substrate temperatures of 163 °C and 189 °C. At all 
four substrate temperatures studied, the composition of 
CuBr films grown on platinum assessed by uncalibrated XPS 
was approximately 55% Cu and 45% Br (Figure S11). Based 
on our RBS-XPS comparison from CuBr films grown on 
glassy carbon, these values from XPS suggest that films 
grown on platinum are also roughly 1:1 Cu:Br.  

 

 

Figure 3. SEM images of CuBr grown on silicon nitride at a 
range of substrate temperatures: (a) 66 °C, (b) 83 °C, (c) 110 
°C, and (d) 136 °C. Scale bars represent 1 micron. 

Though similar CuBr films were deposited on a range of 
substrates, the mechanism of cuprous bromide film growth 
might not be the same on all substrates. In particular, 
although we intended to deposit films by protonolysis of the 
hfac ligand, the Cu(hfac)(vtms) precursor is known to 
disproportionate to form Cu and volatile Cu(hfac)2,48,49 a 
process promoted by increasing temperature and metal 
surfaces. This competing reaction pathway for 
Cu(hfac)(vtms) might occur under our reaction conditions, 
especially at high temperatures and on the platinum metal 
substrate. Accordingly, we sought to better understand the 
CuBr deposition mechanism. 

Experiments to better understand the reaction 
mechanism. At least two classes of pathway may explain 
the formation of CuBr via reaction between Cu(hfac)(vtms) 
and HBr. In the first class, HBr and Cu(hfac)(vtms) undergo 
an acid-base reaction to form CuBr, Hhfac, and vtms, 
according to Reaction (1) below: 
 

              Cu(hfac)(vtms) + HBr → CuBr + Hhfac + vtms           (1) 
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There are variations on this mechanism depending on when 
vtms is released and which species is/are bound to the 
surface. 
The second pathway contains two redox reactions. First, 
two Cu(hfac)(vtms) molecules undergo the known metal-
catalyzed disproportionation to form a Cu metal film,50,51 
and the volatile species Cu(hfac)2 and 2 vtms, according to 
Reaction (2) below: 
 

               2 Cu(hfac)(vtms) → Cu + Cu(hfac)2 + 2 vtms           (2) 
 

Second, HBr may oxidize the copper metal up to Cu+, 
resulting in CuBr and a reduced species, such as H2, 
according to Reaction (3) below: 

 

             2 Cu + 2 HBr → 2 CuBr + H2                          (3) 
 

We believe the first pathway to be likely by analogy to the 
many metalorganic precursor reactions with vapors of 
Brønsted acids (H2O, H2S, etc.) to form metal oxides and 
metal chalcogenides.52,53 We also explored whether the 
second pathway might be operational or whether we could 
rule it out. The second pathway is indeed possible on 
thermodynamic grounds. Reaction (3) has a ∆𝐺𝑟𝑥𝑛

° of -85.5 
kJ/mol at 90 °C.54 However, we reasoned that the Cu metal 
might not be deposited on a silicon nitride substrate, since 
the disproportion of Cu(hfac)(vtms) has been reported only 
at temperatures above approximately 100 °C and is metal-
surface-catalyzed.48,55,56 This context prompted us to 
conduct a control experiment to determine whether 
metallic Cu may be formed on our substrates under our 
reaction conditions. 

In this control experiment, we dosed Cu(hfac)(vtms) into 
the reactor using the same pulse sequence as the CuBr 
depositions, but without introducing HBr, at a substrate 
temperature of 83 °C. The reactor chamber contained five 
substrates: polished carbon, silica, silicon nitride, alumina, 
and platinum.  

On the four substrates that are not metals (polished carbon, 
silica, silicon nitride, and alumina), SEM showed essentially 
no deposition (Figure S18) and XPS identified <1.5 at. % Cu 
and <0.5 at. % Br on the surfaces of these samples (Figure 
S19). Based on these results, we conclude that the 
deposition of CuBr on these substrates more likely follows 
the acid-base mechanism, rather than the two-step 
deposition of copper followed by bromination. 

In contrast, a copper layer had been deposited on the 
platinum substrate (XPS and SEM micrographs in Figure 
S20). The thickness of this copper layer varies with distance 
into the reactor, from ca. 300 nm to 80 nm within the first 
inch of the reactor substrate holder. Therefore, we cannot 
rule out the two-step deposition mechanism of pathway 2 
on Pt substrates. When using the standard recipe, 
depositions on platinum exhibited more run-to-run 
variation than depositions on other substrates, perhaps 
owing to subtleties relating to two available film growth 
mechanisms.  

Growth per cycle study. We assessed the CuBr film growth 
per cycle on silicon nitride substrates at a substrate 
temperature of 83 °C using two closed-valve p-CVD recipes. 
Our standard recipe has a 5-second reaction wait time when 
all valves are closed, whereas in our accelerated recipe, this 

period is only 0.1 seconds. These recipes have the same 
timings for all other pulses, as described in the Methods 
section. When using either recipe, if the Cu(hfac)(vtms) 
liquid volume in the bubbler was greater than about 6 mL, 
we obtained a growth per cycle of 0.12 nm CuBr/cycle for 
substrates placed at the reactor inlet. However, if the 
Cu(hfac)(vtms) liquid volume in the bubbler was less than 
about 6 mL, the liquid-gas surface area was lower, because 
of the tapered shape of the bubbler bottom. Under this 
reduced surface area condition, we observed growths per 
cycle of less than 0.12 nm/cycle, falling to about half this 
value at the end of a precursor charge. For both recipes, 
more CuBr was deposited at the inlet than at the outlet, as 
described in further detail in the SI and Figure S16. 

From these observations, we conclude that the CVD reaction 
between Cu(hfac)(vtms) and HBr in our reactor takes place 
in a precursor-limited growth regime. We reason that the 
CuBr film thickness decreases along the reactor length from 
inlet to outlet because one or both precursors are being 
depleted. Furthermore, the observation of the same film 
thickness for both 5 s and 0.1 s reaction wait times supports 
the conclusion that the film deposition is not limited by the 
chemical reaction time under our conditions. One cycle of 
our accelerated recipe takes 34.55 seconds, corresponding 
to a growth rate of 0.2 nm/min. 

Seeking to increase this CuBr growth rate, we conducted a 
brief exploration of a third CuBr deposition recipe, this time 
employing an open valve between the reaction chamber and 
vacuum pump. Open-valve recipes can be faster than 
closed-valve recipes because purging happens 
simultaneously with precursor dosing. In this recipe, the 
reactor is constantly purged with nitrogen, and alternating 
doses of Cu(hfac)(vtms) and HBr are released into the 
reactor while purging is still occurring. This recipe is 
described in further detail in the Methods section. Our 
preliminary results suggest that CuBr can be grown using 
open-valve mode with a growth per cycle of at least 0.18 nm 
/ cycle. One cycle of this open-valve recipe takes only 10.55 
seconds, corresponding to a growth rate of ca. 1 nm/min. 
Further increases in growth rate may be possible via other 
modifications to our procedures, such as increasing the 
precursor partial pressures. 

Roughness and optical characterization.  CuBr thin film 
samples were prepared in the same deposition run for 
roughness and optical characterization. Two substrates 
were inserted into the reactor chamber: 40 nm silicon 
nitride on quartz – which was selected as a transparent 
substrate for optical characterization – and 40 nm silicon 
nitride on SiO2/Si, a witness sample for roughness 
characterization. 120 nm thick CuBr films were deposited at 
a substrate temperature of 83°C via 1200 cycles of our 
accelerated recipe.  

First, we assessed the roughness of the witness sample by 
atomic force microscopy (AFM) and found its RMS 
roughness to be 12 nm (see Figures S27-S28). This value 
suggested that our films should be relatively nonscattering 
and smooth enough to be used as transparent conductors 
for optical applications.33,43 

Next, we conducted UV-Vis spectroscopy on the CuBr grown 
on the quartz substrate (Figures 4 and S21-S23), confirming 
that this CuBr sample is mostly transparent in the range of 
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visible light, ca. 400 – 800 nm. The average transmittance in 
this region is 79.7% (82.6% below the bandgap ~2.9 eV). 
Peaks consistent with the excitonic peaks of CuBr, reported 
at 2.963 eV (Z1), 2.972 eV (Z2), and 3.119 (Z3),57 are 
apparent.  

Figure 4. Absorption coefficient vs. photon energy for CuBr on 
40 nm silicon nitride on quartz, grown using our standard 
recipe at 83 °C. Our CuBr films are mostly transparent in the 
visible region (1.5 – 3.0 eV). 

Electrical Characterization.  Electrical characterization of 
a CuBr thin film was carried out using an AC Hall effect 
measurement system. The CuBr sample was 75 nm thick, 
grown by the accelerated recipe (Figure S13). The sheet 
resistance for this sample was 5 × 105 Ω/sq, leading us to 
calculate a resistivity of 3.7 ± 1.0 Ω·cm. The charge carrier 
type was found to be holes. The hole concentration was 
found to be 5.5 ± 1.6 × 1017 cm-3 and the hole mobility was 
measured at 3.0 ± 0.2 cm2V-1s-1. Because the carrier 
concentration is similar to previous reports, but the hole 
mobility is an order of magnitude higher, the resistivity of 
our sample is an order of magnitude lower than measured 
in other polycrystalline Hall samples.15   

Contact Angle Measurements. Since the substrate 
strongly affects CuBr film morphology and since we and 
others have attributed such phenomena to film-substrate 
interfacial free energy matching,39 we attempted to assess 
these interfacial free energies based on solid-liquid contact 
angle measurements.58,59 The predicted interfacial free 
energy values between CuBr and the various substrates 
imply that CuBr should wet Pt and SiO2 well, silicon nitride 
and alumina decently, and glassy carbon planchets poorly 
(Figure S25). In contrast, in our CuBr CVD depositions, CuBr 
forms continuous films on Pt, silicon nitride, and carbon 
planchet substrates, but forms islands on alumina and silica. 
These results are further discussed in the SI.  

From the mismatch between the deposited CuBr 
morphologies and the contact angle measurements, we 
surmise that these open-air, room-temperature contact 
angle measurements may not accurately capture the 
interfacial free energy values of the substrates when under 
reaction conditions: 83 °C and with reactant headspace 
gases. In particular, we envision that the chemistry of the 
reaction is likely to alter the interfacial free energies. For 
example, the neutral ligand used in Cu(hfac)(vtms), 

vinyltrimethylsilane, is present in the reactor 
stoichiometrically with copper(I), and is known to alter the 
growth versus nucleation rates in the CVD deposition of Cu 
from Cu(hfac)(vtms).56 Alternatively, the reaction is run 
with an excess of HBr, which adsorbs60 both dissociatively 
and associatively on Pt below 200 °C—and likely to varying 
degrees on other materials—which will naturally change 
the free energy of the substrate surface. Clearly, the surface 
chemistry under our reaction conditions is more 
complicated than can be accurately measured outside the 
reactor. Our work to understand the in situ surface 
properties and reactions is ongoing.  

 

■ CONCLUSION 

Using Cu(hfac)(vtms) and HBr as precursors, we report 
direct chemical vapor deposition of continuous cuprous 
bromide thin films, which represents the first in the 
literature to the best of our knowledge. By controlling the 
growth conditions and choice of substrate, we can produce 
continuous films of CuBr at low substrate temperatures 
from 65 to 110 °C, with growth rates up to 1 nm/min. These 
films have high optical transparency, exceeding 80% 
transmittance below their bandgap, and Hall mobilities ca. 
3 cm2V-1s-1. The films are therefore suitable for use as 
transparent p-type semiconductors in optoelectronic 
devices. A more detailed study of how our reaction 
chemistry enables continuous film growth is underway. We 
imagine judicious precursor and substrate choice may 
similarly enable CVD of a wide range of metal halide thin 
films.  

 

■ EXPERIMENTAL SECTION 

Purification of Cu(hfac)(vtms). The Cu(hfac)(vtms) 
compound was received from Gelest as a green liquid 
mixture of Cu(hfac)2 and Cu(hfac)(vtms). We developed the 
following procedure to separate the two compounds: in a 
nitrogen glovebox, the as-received 
Cu(hfac)(vtms)/Cu(hfac)2 mixture was run through a silica 
column with pentane as the eluent. We observed a dark 
green top band and a bright yellow bottom band. The yellow 
pentane/Cu(hfac)(vtms) solution was collected in a Straus 
flask, which we stoppered and removed from the glovebox. 
Finally, we submerged the pentane/Cu(hfac)(vtms) 
solution in an ice bath at 0 °C and removed the pentane by 
vacuum distillation.40 We confirmed the remaining mixture 
was ~ 1% pentane via 1H NMR by quantifying all pentane 
protons and the vinyl protons of Cu(hfac)(vtms). 
Quantification procedure and 1HNMR spectra are given in 
the SI. This ~99% pure Cu(hfac)(vtms) mixture was used 
directly as the precursor for CuBr vapor deposition. 
Purification can be performed on large batches, and the 
purified precursor stored under nitrogen at -20 °C does not 
disproportionate appreciably over at least 8 months. 

CVD Growth of CuBr. Thin films of CuBr were deposited via 
pulsed-CVD using exposures to Cu(hfac)(vtms) (Gelest, 
purified as described above) and HBr (Matheson). 
Cu(hfac)(vtms) was loaded into a vacuum bubbler under a 
nitrogen atmosphere to prevent decomposition in air. HBr 
was used as received either at research purity grade 
(99.999%) or at chemical purity grade (99.8%), in a 1-lb 
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lecture bottle pressurized to 320 psig. Owing to the 
materials used in the construction of the valves, these 
lecture bottles should not be stored for more than ca. 6 
months, as the valves tend to corrode due to HBr exposure.  

The Cu(hfac)(vtms) vapor was transferred to the reactor 
chamber by a purified (Entegris purifier model number 
CE500KFI4R) nitrogen carrier gas held at a pressure of 10 
Torr in its trapped volume. Gaseous HBr was delivered 
using a trapped volume, without a carrier gas. Swagelok 
ALD valves operated by LABVIEW executed the pulsed-CVD 
recipes. Pulsed-CVD is similar to ALD, but omits the purging 
step between precursor doses. We programmed recipes 
with either of two types of precursor delivery, known in the 
literature as “open-valve mode” and “closed-valve mode.” In 
open-valve mode, the reactor chamber is constantly being 
purged with a carrier gas that is being evacuated, such that 
the valve to the vacuum is never closed. In closed-valve 
mode, the reactor chamber is closed off from the vacuum at 
some point in the CVD cycle, typically in order to “trap” the 
precursors in the reactor chamber for a longer incubation 
time than would otherwise be possible if the valve to the 
vacuum were open. While closed-valve mode may in some 
instances provide higher precursor utilization and/or 
greater film coverage and uniformity throughout the 
reactor, it is also often slower, because it requires separate 
steps for reaction and for purging/evacuation. We explored 
both modes. 

For closed-valve mode, the timing sequence used for the 
CuBr recipe may be expressed as t1-t2-t3-t4-t5, where t1 is the 
dosing time of the Cu(hfac)(vtms), t2 is the dosing time of 
the HBr, t3 is a waiting period during which all valves are 
closed and deposition occurs, t4 is the time during which 
nitrogen purge gas is flushed through the reactor, and t5 is 
the chamber evacuation time, with all times given in 
seconds. For our standard recipe, the timing sequence was 
1-1-5-10-20. The purge nitrogen pressure, measured while 
supplying nitrogen under dynamic vacuum, was 0.7 Torr. 
Measured in the same way, the pressure of the nitrogen 
carrier gas was 10 Torr, and the pressure of Cu(hfac)(vtms) 
alone was 0.04 Torr.  

In the standard recipe, the two precursors are in the reactor 
together for 5 seconds, resulting in exposure times of 6 
seconds for HBr and 7 seconds for Cu(hfac)(vtms). To 
assess the exposure pressures of each precursor, several 
cycles of the p-CVD recipe were performed. However, 
instead of opening and closing the valves for both 
precursors, the valves for only one precursor were opened 
during each cycle, with all other timing kept the same. The 
exposure pressure of each gas was adjusted until it was 
stable at 1 Torr across several cycles. Therefore, the 
exposures have values of 1 Torr × 6 seconds = 6 Torr-
seconds of HBr and 1 Torr × 7 seconds = 7 Torr-seconds of 
Cu(hfac)(vtms)/N2. The partial pressure of Cu(hfac)(vtms) 
in this mixture with nitrogen is estimated to be between 
0.004 and 0.04 Torr; throughout this range, the HBr is 
present in excess. The exposure pressures were checked 
before each deposition but were not adjusted except when 
new precursor supplies were installed or substantial recipe 
changes were implemented; typical values fell in the range 
of 0.1 to 10 Torr, most commonly ca. 2 Torr. 

We found during the course of our experiments that the full 
5 seconds of “wait time” are not necessary to achieve our 
reported growth per cycle. The 5-second wait time t3 can be 
reduced to 0.1 second, without reducing the film growth per 
cycle. Thus, our accelerated closed-valve p-CVD recipe 
timing sequence is 1-1-0.1-10-20. The exposures of the two 
precursors therefore decrease from 6 Torr-seconds to 1.1 
Torr-seconds for HBr, and from 7 Torr-seconds to 2.1 Torr-
seconds for Cu(hfac)(vtms)/N2.  

In open-valve mode, a nitrogen stream is constantly purging 
the reactor chamber and precursor manifold central lines, 
so both the house nitrogen valve and the valve to the pump 
downstream of the reactor chamber are always open. The 
timing sequence used for an open-valve CuBr recipe may be 
expressed as ta-tb-tc, where ta is the dosing time of the 
Cu(hfac)(vtms)/carrier gas mixture, tb is the dosing time of 
the HBr, and tc is the wait time during which solely the 
nitrogen and pump valves are open, with all times given in 
seconds. This wait time is required in order to return the 
reactor pressure down to its steady-state nitrogen flow, 
after HBr and Cu(hfac)(vtms)/carrier gas are dosed in, so 
that the reactor returns to the same pressure every time the 
cycle starts. Our open-valve recipe timing sequence is 0.5-
0.5-8. The relevant pressures remain the same as for the 
closed-valve mode. The exposures of HBr and 
Cu(hfac)(vtms)/N2 are harder to estimate in this recipe, but 
the exposure pressures remained set to 1 Torr for each gas. 

The control experiments to deposit Cu metal were 
conducted in closed-valve mode. The timing sequence used 
for the Cu recipe is the same as our standard closed-valve 
recipe, namely a timing sequence of 1-1-5-10-20, except 
that instead of a dose of HBr during the t2 time, no valves 
open during that time and thus HBr is not injected into the 
reactor.  

Substrates. Films were deposited on several substrate 
types. 12.7 mm diameter highly polished (graphitic) carbon 
planchets and high purity vitreous carbon planchets were 
purchased from Ted Pella. 1 cm × 1 cm quartz substrates 
were purchased from Electron Microscopy Sciences. 1 in. × 
1 in. Si substrates with a 300-nm surface layer of SiO2 grown 
by wet oxidation were cleaved from larger wafers 
(University Wafer); all substrates herein described as silica 
or SiO2 are of this type. We prepared three more substrate 
types in-house, by adding surface layers to quartz and 
SiO2/Si substrates. Platinum surface layers were prepared 
using a Denton e-beam evaporator: 5 nm of Ti adhesion 
layer were followed by 200 nm of Pt. Alumina surface layers 
were 38 nm thick, prepared using a Savannah 200 Thermal 
ALD reactor. Finally, we prepared a silicon nitride surface 
layers using an STS PECVD:61 40 nm of SiNx were deposited 
from 35 sccm SiH4, 55 sccm NH3, and 1960 sccm N2 on high-
frequency mode (13.56 MHz), with the power supply at 20 
W. These silicon nitride substrates undergo partial surface 
oxidation under our storage conditions as described in the 
SI and in Figures S14-S15.  

The vitreous (aka “glassy”) and polished carbon planchets 
were used as received, without washing prior to CuBr 
deposition. All of the other substrate types were treated 
with solvent washes of semiconductor-grade acetone and 
isopropanol (BDH,  99%). Furthermore, both the Pt and 
the SiO2/Si substrates were then treated with UV-ozone for 
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5 min both to promote the formation of surface hydroxyl 
groups and, via oxidation, further remove any carbonaceous 
contamination from the surface. Substrates were stored 
either in ambient conditions but covered (carbon, SiO2, 
platinum, and quartz) or in a box purged with nitrogen 
(silicon nitride). 

When prepared for contact angle measurements, substrates 
were cleaned by ultrasonication in a solvent bath, rather 
than a solvent wash. SiO2 and Pt were sonicated for 5 
minutes in each of acetone and isopropanol, followed by 10 
minutes of UV-ozone treatment. SiNx was sonicated 
similarly but not treated with UV-ozone. 

Film Characterization. Scanning electron microscopy 
(SEM) was performed in a Zeiss Ultra Plus scanning electron 
microscope. X-ray photoelectron spectroscopy (XPS) was 
performed on a Thermo Scientific K-Alpha spectrometer 
equipped with a monochromated Al Kα X-ray source, a 12 
kV electron beam, and an Ar+ sputtering gun. Depth profiles 
were collected by monatomic sputtering at 500 eV for 80 s 
per level, unless otherwise indicated. The XPS sputtering 
rate was determined by dividing the film thickness as 
determined by SEM cross-sectional film imaging by the total 
sputtering time before the substrate elemental signals were 
detected. Rutherford Backscattering Spectrometry (RBS) 
experiments and data interpretation were conducted at the 
Rutgers Ion Scattering Facility. A 2.0 MeV beam of 4He++ ions 
was used for RBS experiments, with an energy resolution of 
20 keV. X-ray diffraction (XRD) patterns were recorded in a 
Bruker D2 PHASER X-ray diffractometer using Cu Kα 
radiation (λ =1.542 Å) and a θ-2θ scan. Atomic force 
microscopy (AFM) topographic images of were gathered on 
a Veeco NanoMan instrument. A 1 Hz scan rate was used in 
AC mode to produce images of a CuBr film at image sizes of 
both 1 μm  × 1 μm and  10 μm  × 10 μm. A grid of 256 points 
× 256 points was obtained in both cases. Optical 
transmittance and reflectance measurements were 
performed over a wavelength range of 200 - 800 nm using 
the small spot kit in the diffuse reflectance accessory of an 
Agilent Cary 7000 Universal Measurement 
Spectrophotometer. Reflectance measurements were made 
at 6° and transmission measurements at 180°. To determine 
the absorption coefficient of CuBr thin films, we measured 
transmittance and reflectance for both a 40 nm SiNx film on 
quartz (the “substrate” measurement), and a 120 nm CuBr 
film on 40 nm SiNx on quartz (the “total” measurement). To 
extract out the CuBr film absorption coefficient, we used 
two data treatment steps. First, we calculated αsub and αtotal 
via the equation α =1/dsub × ln((1-R)/T), where dsub = 
thickness of quartz substrate (1 mm), following the 
approximation of Ritter and Weiser.62 Second, we estimated 
αCuBr via the equation αfilm = dsub/dfilm × (αtotal - αsub), following 
Cesaria.63 Electrical properties were assessed by Hall effect 
measurements using a high sensitivity rotating parallel 
dipole line system developed by IBM.64 To form electrical 
contacts for Hall measurements, a 10 nm adhesion layer of 
Ti followed by 200 nm of Au were deposited through a 
shadow mask by electron-beam evaporation in a Denton 
Explorer. The leads of the Hall system were adhered to the 
Au contacts by pressing the wires between thin disks of In 
solder. Contact angle measurements were performed via 
the sessile drop technique using the half angle method on a 

Tantec CAM-PLUS MICRO equipped with micrometer 
syringe and fiber-optic light source. Four contact angle test 
liquids (diiodomethane, thiodiglycol, ethylene glycol, and 
deionized water) were selected for their distinct and well-
defined dispersive and polar components of surface free 
energy.  
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