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A Selenium-Based “Alkahest”: Reactive Dissolutions of Metals and 
Metal Compounds with n-Alkylammonium Polyselenide Solutions  
Jonathan W. Turnley,a Swapnil D. Deshmukh,a Victoria M. Boulos,b Robert Spilker,a Christian J. 
Breckner,a Kevin Ng,a Judy Kuan-Yu Liu,b Jeffrey T. Miller,a Hilkka I. Kenttämaa,b and Rakesh 
Agrawal*a 

The solution-processing of metal chalcogenides offers a promising route to improve the manufacturing of semiconductor 
devices. The amine-thiol solvent system has been deemed an “alkahest” for its ability to dissolve a wide range of metals and 
metal chalcogenides. Therefore, it enables convenient synthesis of metal sulfides. However, in the literature there are 
limited reports of analogous selenium-based “alkahest” chemistry. Here we show that solutions containing n-
alkylammonium polyselenides can dissolve a wide range of metals and metal compounds through the formation of soluble 
metal polyselenides. These metal polyselenides can subsequently be utilized as precursors for the synthesis of a wide range 
of binary and multinary metal selenide thin films and nanoparticles, including Cu(In,Ga)Se2, Cu2ZnSnSe4, and Ag2ZnSnSe4.

Introduction 
 Metal selenide semiconductors are a versatile class of 
materials with a wide range of applications, including 
photovoltaics, thermoelectrics, light emitting diodes, and 
transistors.1–4 The solution-based deposition methods used to 
generate these materials offer great promise in reducing costs, 
increasing throughput, and improving materials usage 
efficiency compared to vacuum deposition methods.5,6 Direct 
dissolution of the desired metal chalcogenide semiconductor in 
a simple solvent is often difficult, leading to the use of soluble 
metal halides, nitrates, and acetylacetonates as precursors.7 
The metal salts are then allowed to react with a soluble 
selenium compound. Common selenium sources include 
sodium selenite, selenourea, selenium chloride, and 
trioctylphosphine selenide.8–11 However, the use of these metal 
salts can lead to challenges caused by anionic impurities.12 For 
example, oxygen containing anions can lead to the formation of 
metal oxide secondary phases13 and halide anions have been 
observed to incorporate into metal chalcogenide crystal latices, 
affecting the optoelectronic properties.14 
 One route to avoid anionic impurities is to utilize metal 
complexes that contain metal-selenium bonds. This may allow 
the precursors to decompose directly into the target 
compounds without needing to react with an external selenium 
source. A wide variety of single source precursors for metal 
selenides have been investigated, including 

diselenophosphinate, diselenocarbamate, and selenolate 
complexes.15 Of particular relevance to this work are metal 
complexes containing polyselenide ligands. A wide variety of 
metal complexes containing polyselenide ligands have been 
identified and they are often soluble in polar solvents.16 
Generally, these species contain a metal polyselenide anion 
with a large selenium-to-metal ratio that is stabilized by large 
organic cations.17  Furthermore, these organic metal 
polyselenides have been successfully used in the solution 
synthesis of metal selenide materials, including CuInSe2.18 One 
challenge for these metal-selenium bonded complexes is that 
they often rely on a complex synthesis process, which could 
negatively impact the ability to utilize these precursors at an 
industrial scale. For example, the synthesis of organic metal 
polyselenides has historically relied on the initial synthesis of 
sodium polyselenide by a reaction of elemental sodium and 
selenium in liquid ammonia. Subsequently, the sodium 
polyselenide can be allowed to react with an organic chloride 
and a metal chloride, forming the organic metal polyselenide in 
solution and precipitating sodium chloride.19 

To facilitate the synthesis of soluble metal complexes that 
contain metal-chalcogen bonds, several reactive solvent 
systems have been developed. This reactive dissolution 
chemistry has been covered in depth in recent review 
articles.20,21 These solvent systems are capable of dissolving a 
wide range of metal precursors by reactions that form soluble 
metal complexes, in some cases even directly dissolving metal 
chalcogenides and metals.22,23 

The combination of hydrazine and a chalcogen is capable of 
dissolving several metal chalcogenides, including Cu2S, SnS2, 
In2Se3, and ZnTe.22 Investigation into this dissolution chemistry 
has identified the formation of hydrazinium 
chalcogenidometallates.24 These soluble metal complexes have 
then been shown to decompose cleanly upon heating, allowing 
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for the formation of the desired metal chalcogenide 
semiconductors.25 To this end, the hydrazine-chalcogen solvent 
system has been used to fabricate solution-processed Sn(S,Se)2 
transistors, Cu(In,Ga)(S,Se)2 solar cells, and Cu2ZnSn(S,Se)4 solar 
cells.26–28 However, hydrazine is both highly toxic and explosive, 
potentially hindering the scale-up of this chemistry necessary 
for commercial production. 
 The amine-thiol reactive solvent system has been proposed 
as an alkahest (or universal solvent) for its ability to dissolve a 
wide range of precursors.29 Research has shown that different 
combinations of an amine and a thiol allow for this reactive 
solvent system to dissolve a wide range of metals (Cu, Zn, In, Ga, 
Sn, Sb), chalcogenides (S, Se, Te), and metal chalcogenides (CuS, 
Cu2S, Ag2S, Ag2Se, In2Se3, SnS, SnSe, As2S3, As2Se3, As2Te3, Sb2S3, 
Sb2Se3, Sb2Te3, Bi2S3, Bi2Se3, Bi2Te3).30,31 As a variant, simple 
thiols can be replaced with thioglycolic acid (TGA), which 
contains both a thiol and carboxylic acid functional groups. TGA-
amine solutions have similarly been shown to be a reactive 
solvent system.32,33 Or the thiols can be replaced with 2-
mercaptoethanol, which has both a thiol and an alcohol group, 
to achieve a reactive solvent system.34 

Zhao et al. studied the dissolution of Cu and In metals in 
monoamine-dithiol solutions and discovered the formation of 
chelated metal thiolates.23 The presence of the metal-sulfur 
bond in the metal thiolates is convenient in the pursuit of 
solution-processed metal sulfides as Deshmukh et al. showed 
that these metal thiolates cleanly decompose into the 
respective metal sulfides.35 However, this poses a challenge for 
fabricating sulfur-free metal selenides. Although the amine-
thiol solvent system can dissolve metal selenides and selenium, 
the thiol is still present to potentially act as a sulfur.36 
Depending on subsequent annealing conditions, the formation 
of sulfoselenide materials rather than selenides can occur.37 
While in some cases sulfur alloying into a metal selenide 
material is beneficial, in other cases the pure selenide material 
is desired. For example, sulfur content in solution-processed 
Cu(In,Ga)(S,Se)2 precursor films has been linked to challenges 
with grain growth.36 Therefore, alternative methods are needed 
for sulfur-free, solution-processed metal selenides, preferably 
utilizing a selenium-based alkahest. 
 To date there is limited work on alkahest chemistry that is 
sulfur-free and can produce metal selenides. This type of 
processing is limited to certain metal selenides that can dissolve 
in presence of hydrazine and selenium and some examples of 
reactive dissolutions of metals with organic diselenides.22,38 
 In this work, we present n-alkylammonium polyselenide 
solutions as a versatile, selenium-based reactive solvent 
system. These n-alkylammonium polyselenides ((RNH3)2Sex) are 
simple to synthesize and can dissolve numerous pure metals, 
metal selenides, metal oxides, and metal salts through the 
formation of soluble metal polyselenides. Therefore, these 
metal polyselenides offer a generalized sulfur-free route to 
solution processed metal selenide semiconductors. 

Experimental 
Materials  

Copper (99.999%), gallium (99.9999%), silver (99.9%), 
germanium (99.999%), bismuth (99.99%), antimony (99.995%), 
arsenic (99.997%), selenium powder (100 mesh, 99.99%), 
selenium pellets (99.995%), copper(I) selenide (99.95%), 
copper(I) oxide (99.99%), copper(I) chloride (99.995%), 
indium(III) chloride (99.999%), n-butylamine (BA; 99.5%), n-
propylamine (PA; 99%), n-hexylamine (HA; 99%), oleylamine 
(technical grade, 70%) 1,2-ethanedithiol (EDT; 98%), hydrazine 
(anhydrous, 98%), toluene (anhydrous, 99.8%), cyclohexane 
(anhydrous, 99.5%), N-methyl-2-pyrrolidone (NMP) 
(anhydrous, 99.5%), deuterated dimethyl sulfoxide (99.96 atom 
% D), and ethylene carbonate (99.96%) were purchased from 
Sigma Aldrich. Trace-metal grade nitric acid, indium (99.999%), 
tin (99.999%), and indium(III) selenide (99.99%) were purchased 
from Fisher. Zinc (99.9%), lead (99.95%), and cadmium (99.99%) 
were purchased from Alfa Aesar. Ethanethiol (ET; 99%) was 
purchased from Acros Organics. Before use, Gallium had surface 
oxide removed via scrapping with a knife. Oleylamine was 
degassed through three freeze-pump-thaw cycles. All other 
materials were used as received. All materials were stored in a 
glovebox under nitrogen atmosphere. 
 
Preparation and isolation of n-alkylammonium polyselenides 

The preparation of n-alkylammonium polyselenides was 
performed in a glovebox under a nitrogen atmosphere. A 
schematic of this procedure is shown in Figure 1. Selenium 
powder was dissolved in a n-butylamine and ethanethiol 
solution at a Se:BA:ET mol ratio of 1:2:2 on a stir plate. For n-
hexylammonium polyselenide and n-propylammonium 
polyselenide, the same procedure was used while replacing BA 
with n-hexylamine or n-propylamine. The n-alkylammonium 
polyselenides were isolated via precipitation and 
centrifugation. Briefly, about 700 µL selenium-amine-thiol 
solution was combined with an antisolvent composed of 20 mL 
toluene and 1 mL cyclohexane. The resulting solid precipitate 
was isolated via centrifugation at 14,000 rpm for 5 minutes 
followed by decanting the supernatant and drying under 
vacuum for 2 minutes. The dried complex was then redissolved 
in 250 µL of the same pure amine that was used in the initial 
selenium dissolution. The complex was again isolated by the 
same procedure with an additional 15 minutes of drying. The 
resulting n-alkylammonium polyselenide solid was then 
redissolved in either amines or polar solvents like dimethyl 
sulfoxide or dimethylformamide. For hydrazinium polyselenide, 
no precipitation was needed as hydrazine produced 
polyselenide ions upon dissolution of selenium and there were 
no sulfur containing species present that needed to be 
separated. The hydrazinium polyselenide solutions were used 
directly. 
 

Preparation of n-alkylammonium metal polyselenides and 
synthesis of metal selenides 

The preparation of metal polyselenides was carried out in a 
glovebox under a nitrogen atmosphere. Isolated n-
butylammonium polyselenide was dissolved in n-butylamine at 
a selenium concentration of approximately 0.5 M. The metal 
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precursor was then added into the solution at a Se:metal mol 
ratio of 10:1 and stirred at 35 °C on a heated stirplate. Copper 
dissolved in a matter of hours, while indium dissolved in 1-2 
days. Other metals were allowed to dissolve over the course of 
several weeks. Arsenic and tin appeared to be fully dissolved 
but other metals still had solid residue remaining. Silver fully 
dissolved when using a Se:Ag mol ratio of 20:1. For bismuth, 
lead, and antimony, more solid residues were observed than 
was initially present, suggesting the occurrence of a reaction 
that formed a solid product. The solutions were centrifuged 
before use to separate out solid materials. Solutions were drop-
cast and annealed between 300 °C and 400 °C for 5 minutes.  

For CuInSe2 inks, the respective metal solutions were 
combined and films were blade coated onto Mo-coated 
sodalime glass. For each layer, the film was annealed between 
300-350 °C for 2-5 min. The film was then heated to 500 °C for 
20 min in a tube furnace with no additional selenium. 

For Cu(In,Ga)Se2, Cu2ZnSnSe4, and Ag2ZnSnSe4 inks, the 
respective metal solutions were combined at appropriate ratios 
based on the stoichiometry of the targeted multinary metal 
selenide. Cu(In,Ga)Se2 and Cu2ZnSnSe4 films were annealed at 
400 °C for 5 minutes and the Ag2ZnSnSe4 film was annealed at 
250 °C for 10 minutes.  

For CuInSe2 nanoparticles, the copper and indium 
polyselenides were isolated via precipitation with toluene and 
redissolved in oleylamine. The solution was then allowed to 
react at 225 °C for 30 minutes in a Biotage Initiator Microwave 
Reactor. Excess selenium was removed by dissolving in a 
mixture of oleylamine and ethanethiol. The remaining solid 
particles were washed twice. This was achieved by isolating the 
particles via centrifugation with isopropanol as an antisolvent 
and decanting the supernatant. For the second washing cycle, 
the particles were redispersed in hexanes and the isolation 
procedure was repeated. 
 
CuInSe2 Solar Cell Fabrication 

Devices were constructed with an architecture of 
SLG/Mo/CISe/CdS/ZnO/ITO/Ni/Al. Mo was deposited onto 
sodalime glass via sputtering to a thickness of 800 nm. The 
CuInSe2-ink was modified to minimize the Se/metal ratio while 
not becoming too viscous. This was done by separately making 
an In and Cu inks. The In ink contained In in BAPSe+BA with an 
In:Se ratio of 1:6 and an In concentration of 0.33 M. The Cu ink 
contained Cu2Se in BAPSe+BA with a Cu2Se:Se ratio of 1:12 and 
a Cu concentration of 0.3 M. The inks were then combined for 
a Cu:In ratio of 0.95:1. The combined ink was blade coated onto 
the Mo-coated substrate. The samples were annealed at 
temperatures between 300-350 °C for 2 minutes each layer. In 
total, 20 layers were coated. Heat treatment under a Se 
atmosphere was performed in an Ar-purged tubular furnace 
with films placed in a rectangular graphite box and surrounded 
with 500-600 mg of crushed selenium pellets. The furnace was 
preheated to 510 °C before film insertion, and films were left in 
for 20 minutes before the furnace is opened and allowed to cool 
naturally. After selenization, ~50 nm of CdS were deposited via 
chemical bath deposition using CdSO4, NH4OH, and thiourea. 
Chemical vapor deposition was used to deposit 50 nm ZnO 
followed by 150 nm ITO. Last, cut masks were used to deposit 
100 nm Ni followed by 1000 nm Al in a grid shape via electron 
beam evaporation.  
 
Characterization 

Raman spectroscopy and photoluminescence (PL) 
spectroscopy were performed using a Horiba/Jobin-Yvon HR800 
Raman spectrometer with a 632.8 nm excitation laser 
wavelength. For collecting Raman spectra on solutions, the 
samples were kept in quartz cuvettes closed in a nitrogen 
atmosphere. PL spectra were corrected with transfer functions 
as described previously.39   

X-ray fluorescence (XRF) was performed with a Fisher XAN 
250 instrument that utilized a voltage of 50 kV, a silicon drift 
detector, a primary nickel filter, and helium as a flowing gas 

 
 
Figure 1. Schematic outlining the synthesis of butylammonium polyselenide (BAPSe) solutions starting by dissolving selenium 
in n-butylamine (BA) and ethanethiol (ET), precipitating out the BAPSe with antisolvent addition and centrifugation, decanting 
the supernatant, drying, and redissolving in BA. For multiple washing cycles, steps 2-4 can be repeated. 
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purge. For XRF measurements, the complexes were sealed in 
mylar packets under a nitrogen atmosphere.  

Proton Nuclear Magnetic Resonance (1H-NMR) was 
performed with a Bruker AVIII-400-HD instrument using a 
relaxation time of 6 s and 16 scans. Deuterated dimethyl 
sulfoxide was used as the solvent. For quantitative 
measurements ethylene carbonate was added as an internal 
standard.  

X-ray diffraction (XRD) was performed with a Rigaku 
SmartLab diffractometer using a Cu Kα (λ = 1.5406) source and 
operated at 40 kV and 44 mA in parallel beam mode.  

Mass spectrometry analysis was performed with 
electrospray ionization high-resolution tandem mass 
spectrometry (ESI/HRMS/MS) experiments by using a Thermo 
Scientific LTQ Orbitrap XL hybrid mass spectrometer. The 
solutions were infused into the ESI source at a rate of 5-7 μL 
min-1 using a syringe pump. The ESI source conditions were set 
as follows: 3 kV spray voltage, 40 (arbitrary units) flow rate of 
sheath gas (N2), 10 (arbitrary units) flow rate of auxiliary gas 
(N2), and 275 °C capillary temperature. Voltages for the ion 
optics were optimized using the tuning features of the LTQ Tune 
Plus interface. Mass spectra were collected in both negative- 
and positive-ion modes. Elemental compositions were obtained 
via high-resolution mass analysis by using the orbitrap and were 
further confirmed based on isotopic distribution patterns and 
collision-activated dissociation (CAD) mass spectra. When 
isolated and subjected to CAD, both the indium polyselenide 
and copper polyselenide anions underwent losses of selenium 
atoms (representative examples shown in Figures S1 and S2). 
Samples were prepared under a nitrogen atmosphere to 
minimize potential exposure to oxygen and moisture.  

Inductively coupled plasma optical emission spectroscopy 
(ICP-OES) was performed with an iCAP 7400 ICP-OES analyzer 
after digestion in trace-element nitric acid. Standards were 
made by dissolving the respective elements in nitric acid and 
diluting with ultrapure water.  

Transmission electron microscopy (TEM) was performed 
using a Tecnai G2 20 TEM at an accelerating voltage of 200 kV.  

X-ray absorption spectroscopy (XAS) measurements were 
conducted at the 10-BM-B beamline at the Advanced Photon 
Source (APS) of Argonne National Laboratory (ANL), at the In K 
(27940 eV), Se K (12658 eV), and Cu K (8979 eV) edge in 
transmission mode, with an energy resolution of 0.5 eV and 
edge energy precision greater than 0.1 eV. The samples were 
sealed in liquid cells designed for XAS analysis and were scanned 
at room temperature. Each measurement was accompanied by 
simultaneous acquisition of foil absorption spectra obtained 
through a third ion chamber for energy calibration. XAS data 
were fit using winXAS3.1. Least-squares regression fits of the k2-
weighted Fourier transform data from 2.5 to 11.5 Å-1 in k-space 
were used to obtain the extended x-ray absorption fine 
structure (EXAFS) coordination parameters. The first shell was 
used to fit all spectra. All samples were fit using theoretical 
scattering paths using FEFF. The So2 values were 0.65 for the In 
edge, 0.95 for the Se edge, and 0.70 for the Cu edge as 
determined by fitting In foil, bulk Se, and Cu foil, respectively. 

Current−voltage (JV) measurements were done at standard 
AM1.5 conditions with an Oriel Sol3A solar simulator at 25 °C. 
 
Safety Consideration 

Care should be taken when working with several chemicals used 
in this procedure. Amines are known to be corrosive and can 
cause skin and eye irritation. Ethanethiol is flammable and 
extremely malodorous. Care should also be taken with the n-
alkylammonium polyselenides, we observe to be highly 
corrosive (expanded upon below for the use of reactive 
dissolution of metals). Further, the potential for toxic H2Se 
formation from the polyselenides should be considered. 

Results and discussion 
n-Alkylammonium Polyselenide Synthesis and Isolation 

Selenium has been shown to dissolve in various 
combinations of an amine and a thiol.40–42 In previous research 
by our group, we investigated the different types of soluble 
selenium-containing compounds that form in these solutions.43 
Through various characterization techniques, it was confirmed 
that when selenium is dissolved in a monoamine-monothiol 
solution, it will produce an n-alkylammonium polyselenide 
((R1NH3)2Sex where x varies based on amine:thiol ratio) and a 
disulfide (R2SSR2).43  

In the search for a selenium-based alkahest, n-
alkylammonium polyselenides pose an interesting option. First, 
they possess a structural that is analogous to the n-
alkylammonium dithiolates that have been identified as key 
intermediates in amine-thiol reactive dissolution chemistry.23 
Second, the presence of these n-alkylammonium polyselenides 
in monoamine-monothiol solutions allowed for the dissolution 
of tellurium, which is otherwise insoluble in monoamine-
monothiol alone. Furthermore, Se-Te bonding was observed 
with no evidence of S-Te bonding, suggesting that the n-
alkylammonium polyselenide species itself facilitated the 
dissolution of tellurium.43 Together, these observations lead us 
to investigate if n-alkylammonium polyselenides may have 
broader applicability in reactive dissolutions, thereby providing 
a selenium-based alkahest that is analogous to the amine-thiol 
system.  

To evaluate the potential of an n-alkylammonium 
polyselenide system independent of any sulfur-containing 
compounds, these n-alkylammonium polyselenides must first 
be separated from any thiols or disulfides. To achieve this, n-
butylamine (BA) and ethanethiol (ET) were used to synthesize 
n-butylammonium polyselenide (BAPSe), which was 
subsequently separated through precipitation with toluene and 
cyclohexane. Through 1H-NMR analysis (Figure 2a) no thiol or 
disulfide compounds were observed after the isolation and 
redissolution of the BAPSe. Elemental analysis of the dried 
BAPSe with XRF clearly showed the presence of selenium with 
no detectable sulfur (Figure 2b). These observations show that 
the precipitation and washing procedure is successful at 
separating the BAPSe from the thiols and disulfides in the initial 
synthesis solution. The BAPSe was then redissolved in n-
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butylamine or polar solvents, such as dimethylformamide. Note 
that to obtain sulfur-free solutions of n-alkylammonium 
polyselenides in this study, we used the combination of 
monoamines and thiols for the dissolution of selenium. In our 
previous study, we demonstrated that the use of diamine-thiol 
mixtures could result in polyselenides bound to the thiolates.43 

A comparison between the Raman spectra of selenium 
dissolved in n-butylamine and ethanethiol and for BAPSe 
dissolved in n-butylamine provides interesting insights into 
changes in the structure of the polyselenide ions. In the n-
butylamine-ethanethiol solution, a Se-Se band was detected at 
approximately 245 cm-1. However, after precipitation, two Se-
Se peaks were detected at 237 cm-1 and 249 cm-1 (Figure 2c). 
The position of the Se-Se peak has been reported to change 
both with the number of Se atoms (x) in a polyselenide 
compound and the structure of the polyselenide ions, be it 
linear or cyclic.43 For linear polyselenide ions, a larger Raman 
shift would correspond to a shorter chain length, while for cyclic 
polyselenide ions the Raman shift does not vary linearly with 
size, but Se6 and Se8 rings are expected to cause peaks at 247 
cm-1 and 249 cm-1, respectively.43 However, Kanatzidis et al. 
suggest that in solution, polyselenide ions tend to exist in a 
linear form.16 This leads us to the conclusion that the observed 
peaks at 237 cm-1 and 249 cm-1 are attributed to two different 
lengths of polyselenide chains. Additionally the peak at 280 cm-

1 has been previously observed in other polyselenide solutions 
and may be related to a different vibrational mode of the Se-Se 
bonds.43 Further, no evidence of S-S, C-S, or S-Se bonding is 
observed at higher Raman shifts (Figure S3). 

To better understand the size of the polyselenide ions in the 
BAPSe used in this work, measurements of the average 
polyselenide chain length was made indirectly by determining 
the ratio of butylammonium to selenium and assuming a 
composition of two butylammonium ions per polyselenide 
chain based on charge balance arguments. Quantitative 1H-
NMR measurements on a known mass of the isolated, solid 
BAPSe sample, dissolved in deuterated DMSO, allowed for the 
determination of the mass percent of any hydrogen containing 

components in the sample. This analysis revealed the presence 
of n-butylammonium and toluene. By comparing the peak 
integration to that of the ethylene carbonate internal standard, 
n-butylammonium was found to make up 23.8±0.2% by mass. 
Meanwhile, residual toluene from the isolation procedure was 
found to make up 16±1% by mass. Therefore, selenium 
corresponds to about 60% by mass if all remaining mass is 
attributed to selenium. To validate this analysis, ICP-OES was 
used to determine the mass percent of selenium in the sample. 
This came out to be 62%, in good agreement with the 
quantitative 1H-NMR results. We also note that in the ICP-OES 
measurements, no sulfur was observed above the baseline, 
supporting the previous XRF measurements. All put together, 
this method estimates that the average value for x in the Sex2- 
compounds was just below 5. While information on the average 
size is a useful reference, it is unlikely that a solution of BAPSe 
in n-butylamine contains polyselenide ions of homogenous size. 
Not only do the Raman spectra signal the possibility of two 
distinct compounds, but in general, polyselenide solutions are 
at a dynamic equilibrium and will react with each other to 
exchange selenium atoms, producing some larger and smaller 
polyselenide ions.17 
Reactive Dissolution of Metals with n-Alkylammonium 
Polyselenide Solutions 

To determine the reactive dissolution capabilities of n-
alkylammonium polyselenides, solutions of BAPSe in n-
butylamine were used to dissolve a range of different metals. 
After allowing reactions to occur, insoluble compounds were 
separated via centrifugation and the remaining solution that 
contained the soluble compounds was then drop-cast and 
annealed. The compositions of the resulting films were 
qualitatively analyzed via XRF. Many of the targeted elements 
were detected including copper, indium, silver, zinc, cadmium, 
germanium, tin, and arsenic, indicating that each had some 
solubility in n-alkylammonium polyselenide solutions. Attempts 
to dissolve elemental lead, bismuth, and antimony were 
unsuccessful. The ratio of selenium to metal is an important 
factor in dictating the total amount of metal that can be 

 
Figure 2. (a) 1H-NMR of the isolated butylammonium polyselenide shows no evidence of thiols. Peaks marked with * are due 
to deuterated dimethyl sulfoxide, peaks marked with ^ are due to H2O in the deuterated solvent, and peaks marked with + 
represent residual toluene from the isolation procedure. (b) XRF spectrum of dried butylammonium polyselenide. (c) Raman 
spectra of selenium dissolved in a n-butylamine-ethanethiol solution (gray) and a solution of the isolated n-butylammonium 
polyselenide redissolved in n-butylamine (blue). 
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solubilized. It should be noted that when using a ratio of 10 
selenium atoms for each metal atom, copper, indium, arsenic, 
and tin were fully dissolved. Silver was fully dissolved by using 
20 selenium atoms per silver atom. It should be noted that the 
solutions were stored in an inert atmosphere to prevent 
potential reactions with H2O or O2. Under these conditions, the 
solutions appeared stable for months.  

As a proof of concept, the inks containing dissolved metals 
were used to make solution-processed metal selenides by a 
drop-casting and annealing technique. The XRD patterns (Figure 
3) for films obtained from inks containing silver, copper, zinc, 
cadmium, indium, and tin showed crystallinity as they had 
decomposed into silver(I) selenide, copper(I) selenide, zinc(II) 
selenide, cadmium(II) selenide, indium(III) selenide, and tin(IV) 
selenide, respectively. The films generated from germanium 
and arsenic inks were amorphous. Raman spectroscopy analysis 
(Figure 3) revealed the formation of selenium-rich metal 
chalcogenide glasses.44,45  

The same procedure was also used to successfully dissolve 
copper metal in a hexylammonium polyselenide solution and a 

propylammonium polyselenide solution. Altering the 
alkylammonium chain length did not produce any apparent 
change in the dissolution time. Alternatively, BAPSe was 
synthesized and then redissolved in DMF as an alternative polar 
solvent. Again, no apparent change in ability to serve as a 
reactive solvent system was observed. 

Reactive dissolutions with n-alkylammonium polyselenide 
solutions are not limited to metals. We also learned that BAPSe 
solutions can dissolve Cu2O and Cu2Se (Figure S4), which are 
generally insoluble in amines alone. BAPSe solutions can also be 
used to dissolve metal halides. However, because most metal 
halides are soluble in polar solvents, it was less obvious if the 
polyselenides had reacted with the metal halides. To study this, 
Raman spectra were collected for solutions of InCl3 in DMF with 
and without BAPSe. When no BAPSe was used, a peak 
corresponding to In-Cl vibrations was seen at 294 cm-1. When 
BAPSe was present, this In-Cl vibration was no longer observed. 
Instead, peaks corresponding to In-Se vibrations were noted at 
173 cm-1 and 190 cm-1, indicating that the BAPSe did react with 
the InCl3 precursor to form a new compound (Figure S5).  

 
Figure 3. XRD patterns of the binary selenides made by heating films coated with inks made from a) Ag in BAPSe+BA, b) Cu in 
BAPSe+BA, c) Zn in BAPSe+BA, d) Cd in BAPSe+BA, e) In in BAPSe+BA, and f) Sn in BAPSe+BA.  Raman spectra showing the 
metal chalcogenide glasses made by heating films coated with inks generated from g) Ge in BAPSe+BA and h) As in BAPSe+BA. 
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We also found that cations other than n-alkylammoniums 
can be used. Hydrazine is known to dissolve selenium via a 
reaction that forms hydrazinium polyselenide.24 While the 
hydrazine-chalcogen reactive solvent system has been studied 
extensively, it has been used to dissolve metal chalcogenides via 
dimensional reduction.22 For example, for high efficiency 
Cu(In,Ga)(S,Se)2 solar cells, In2Se3 is used as the indium source 
and dissolved with hydrazine and selenium.46 In this work we 
found that hydrazinium polyselenide solutions in hydrazine can 
directly dissolved indium metal (Figure S6), distinct from what 
has been reported previously. This opens the door that other 
inorganic cations may also be possible, lending further ability to 
modify this polyselenide reactive dissolution chemistry.  
 

Mechanism of Reactive Dissolution with Polyselenides 

It is clear that n-alkylammonium polyselenide solutions are 
powerful reactive solvent systems capable of solubilizing a wide 

range of precursors. Ultimately, having a general theory to 
explain this reactive dissolution chemistry would provide 
predictive ability that could guide targeted synthesis. However, 
this level of understanding tends to be challenging in alkahest 
chemistry due to the complicated nature of the reactions. 
Successful solvation relies on both the ability of the solvent 
system to react with the target solute and on the solubility of 
the newly formed molecule in the general solution. To date, a 
general predictive theory has evaded researchers in the similar 
amine-thiol chemistry. However, understanding how metals are 
oxidized by this reactive solvent system and what chemical 
structures form upon reaction would be a first step in 
developing a deeper understanding of this chemistry. 

ESI/MS was used to analyze solutions of indium metal 
dissolved with BAPSe in n-butylamine, where ions were 
identified by their mass/charge ratio and isotopic distribution 
patterns, and further supplemented by collision-activated 
dissociation mass spectra where needed. The negative-ion 

 
Figure 4. a) Negative-ion mode ESI/MS spectra, b) XANES spectra, and c) EXAFS spectra at indium edge for indium dissolved in 
BAPSe+BA. 
 

 
Figure 5. a) Negative-ion mode ESI/MS spectra, b) XANES spectra, and c) EXAFS spectra at copper edge for copper dissolved in 
BAPSe+BA. 
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mode ESI/MS analysis revealed the presence of ions containing 
indium and selenium, as well as a few ions that only contain 
selenium (Figure 4a). Positive-ion mode ESI/MS analysis 
revealed the typical ions expected for n-butylamine or n-
butylammonium cations (Figures S7 and S8). These findings 
suggest that indium reacts with BAPSe to form n-
butylammonium indium polyselenide compounds. Analysis of 
copper metal dissolved in BAPSe in n-butylamine (Figure 5a) 
likewise showed the presence of compounds containing only 
copper and selenium, suggesting the formation of n-
butylammonium copper polyselenides.  

X-ray absorption spectroscopy (XAS) was performed to gain 
further insight into the metal polyselenides. For this analysis, 
five key parameters were fit: amplitude reduction factor (S02), 
coordination number (CN), bond distance (R), Debye-Waller 
factor (σ2), and edge energy (E0). Reference materials were 
measured to verify oxidation states. Through a combination of 
X-ray absorption near edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS), it was determined that 
after reactions with BAPSe, the indium was in the +3 oxidation 
state and bound to selenium with a coordination number of 
approximately 6 (Figures 4a & 4b). The same analysis indicated 
that copper was in the +1 oxidation state and bound to selenium 
with a coordination number of approximately 4 (Figures 5a & 
5b). Further details of the XAS analysis can be found in the SI. 

As mentioned above, a monoamine-dithiol solvent system is 
a similarly powerful reactive solvent system. For that system, 
the proposed reaction mechanism for the dissolution of metals 
begins with the amine deprotonating the thiol to form an n-
alkylammonium dithiolate.23 There is an interesting structural 
similarity between n-alkylammonium polyselenides and n-
alkylammonium dithiolates as both involve an n-
alkylammonium cation and a chalcogen-terminated anion. This 
suggests that a similar reaction mechanism may exist for both 
solvent systems. In the case of the monoamine-dithiol solvent 
system, the oxidation of the metals provides electrons that 
liberate hydrogen gas from the n-alkylammonium cation, 
converting it back into an n-alkylamine.23 In monoamine-dithiol 
metal dissolutions, reactions are often fast enough that the 
bubbling of liberated hydrogen can be observed. Additionally, 
the formation of hydrogen can be observed through the use of 
thermal conductivity detection mass spectrometry (TCD/MS).23 
However, for the BAPSe dissolution of copper and indium, no 
visible bubbling was observed and TCD/MS measurements of 
the headspace gas from the dissolution vials revealed no release 
of hydrogen (Figure 6a). This suggests that alkylammonium 
polyselenide reactive dissolution is not undergoing an 
analogous mechanism compared to the amine-thiol reactive 
solvent system. 

If the oxidation of the metals does not lead to the release of 
hydrogen via reduction of protons, the next logical option 
would be reduction of the polyselenide ions. This could occur by 
splitting one larger polyselenide chain into two smaller 
polyselenide chains. These smaller polyselenide chains could 
then bind to the oxidized metals to form the metal polyselenide 
ions. Evidence for this reaction occurring can be obtained 
through Raman analysis (Figure 6b). As discussed above, the 

isolated BAPSe showed two Raman peaks related to Se-Se 
bonding, with the peak at lower Raman shift corresponding to 
longer polyselenide chains. Analysis after the dissolution of 
indium showed the emergence of a new peak at around 173 cm-

1 that can be attributed to In-Se bonding.24,47 Interestingly, a 
notable difference was also detected in the relative intensities 
of the Se-Se peaks. Following the reaction, the peak 
corresponding to longer Se chain lengths had decreased in 
magnitude relative to the peak corresponding to shorter Se 
chain lengths. A similar trend is also observed for the dissolution 
of Cu metal, and to a lesser extent the dissolution of Ag metal 
(Figure S9). This finding may indicate the breakdown of longer 
chains into shorter chains, supporting the proposed oxidation 
of metals via reduction of polyselenide chains into smaller 
chains. Additionally, the BAPSe can also dissolve more 
elemental selenium. In this case, the opposite trend is observed 
where the peak that corresponds to longer Se chain lengths 

 
Figure 6. a) TCD response of the headspace gas in amine-
thiol and butylammonium polyselenide metal dissolutions 
compared to a 5%H2-95%N2 mixture and b) Raman 
spectrum of Indium dissolution in BAPSe+BA (yellow) 
compared to the BAPSe+BA spectra previously shown in 
Figure 2c (blue).  
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increases relatively (Figure S10). This could indicate that the 
ability of BAPSe to dissolve additional selenium does so by 
increasing the length of the polyselenide chains.   

This hypothesis is further supported by XAS analysis at the 
Se K edge for In dissolutions in BAPSe (Figure S11). With an 
increasing amount of indium dissolved, the coordination 
number for Se-Se bonds decreases. This reduced Se-Se CN is 
consistent with the breaking of Se-Se bond via reduction of the 
polyselenide chains. For example, in a Se22- chain, the average 
Se-Se CN would be 1. On the other hand, in a linear Se82- chain, 
the average Se-Se CN would be 1.75. While this technique is not 
precise enough to confidently back-calculate the actual 
polyselenide chain length, the general trend is indicative that 
oxidation of metals occurs due to the reduction of larger 
polyselenide chains into smaller polyselenide chains. 

Further work is needed to determine how this reaction 
mechanism might change when starting with an already 
oxidized metal source but is discussed in the SI for reactions of 
InCl3 with BAPSe. 

 
 

Application to Solution-Processed Multinary Selenides 

While we have already shown that the n-alkylammonium 
polyselenide reactive solvent system can be used to generate 
inks for solution-processed binary metal selenides, this method 
also holds promise for multinary metal selenides. CuInSe2 (CISe) 
is an important material for photovoltaic applications as it has a 
bandgap of approximately 1 eV and is a promising option as the 
bottom absorber in tandem photovoltaics.48 With the ability to 
dissolve copper and indium with BAPSe in n-butylamine, the n-
alkylammonium polyselenide system offers a direct molecular 
precursor route to CISe. Inks containing the respective metals 
were combined and used to coat films that were annealed at 
300 °C for 5 minutes following each coating. Raman analysis 
(Figure 7a) showed the presence of CISe with the broad peak 
around 180 cm-1 which can be attributed to the A1 vibrational 
mode, with potential shift from the expected location of 175 
cm-1 due to the presence of defects.49 Additionally, the ordered 
vacancy compound, CuIn3Se5, commonly observed on the 
surface of CISe materials is evidenced by the peak at about 158 
cm-1. Additional free selenium may be present in the films as 

evidenced by the magnitude of the peak at 230 cm-1, though this 
peak overlaps with the E/B2 modes of CISe with peaks occurring 
at 210 cm-1 and 230 cm-1.50 The broad nature of the Raman 
bands indicates a nanocrystalline nature of the material, which 

 
Figure 7. a) Raman spectra of solution-processed CuInSe2 films made using inks containing copper and indium metal dissolved 
in BAPSe+BA and annealed at 300 °C (blue) and 500 °C (yellow), b) SEM image of film annealed at 300 °C for 2 min following 
each coating, c) SEM image of film annealed at 500 °C for 20 minutes. 
 

 
Figure 8. a) JV curve for the champion CuInSe2 solar cell 
made from polyselenide ink with inset table comparing to 
average cell performance and b) PL spectrum from 
champion CuInSe2 solar cell. 
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was confirmed via SEM (Figure 7b). The films were subsequently 
annealed at 500 °C for 20 minutes to induce further grain 
growth. This resulted in a sharpening of the main CISe A1 Raman 
peak and a shift to 175 cm-1, which suggests that the grain size 
increased and the amount of defects decreased during 
annealing (Figure 7a). A relative reduction in intensity of the 

peak at 230cm-1 indicates the removal of free selenium, though 
the overlap with the E/B2 modes of CISe make it difficult to 
determine whether free selenium had been fully removed. SEM 
confirmed the increase in apparent grain size (Figure 7c). 

Further, we utilized Cu2Se- and In-containing polyselenide 
inks to fabricate films for complete solar cells. Following blade 
coating, a heat treatment in a Se-containing atmosphere was 
used to coarsen the grains. Solar cells with an average of 6.5% 
(active area) efficiency were obtained, with the champion 
device at 7.25% (Figure 8a). Data on individual cell parameters 
can be found in the SI (Table S2 and Figure S12). Furthermore, 
photoluminescence measurements on the champion cell 
confirmed the optoelectronic quality of the CISe absorber layer 
showing strong emission centered just below 1 eV with a full 
width at half max of around 93 meV (Figure 8b). Similar PL 
spectra were obtained for other cells processed in the same way 
(Figure S13).  This shows that inks based on alkylammonium 
polyselenide chemistry are able to obtain the material and 
optoelectronic properties needed to produce functioning solar 
cells. Further improvement in the device efficiency is likely to be 
obtained with more optimization of the heat treatment steps as 
this can play a major role in defect formation. 

While CISe is useful in tandem applications, alloying with 
gallium allows for the bandgap to be tuned, thus making it a 
highly efficient absorber in single junction photovoltaics.51 
However, gallium on its own was not observed to have any 
solubility in n-alkylammonium polyselenide solutions. A similar 
challenge exists for the amine-thiol solvent system, but has 
been bypassed through the observation that gallium metal can 
dissolve in monoamine-dithiol solutions if indium is also 
present.52,53 The same strategy was found to facilitate the 
dissolution of gallium with n-alkylammonium polyselenides. 
This allows for the creation of an n-alkylammonium 
polyselenide ink containing copper, indium, and gallium. A film 
was cast from this ink and subsequently annealed at 400 °C for 
5 minutes. XRD of the resulting film (Figure 9a) shows the 
presence of chalcopyrite Cu(In,Ga)Se2 (CIGSe) with no 
secondary phases. The presence of gallium in the crystal 
structure causes the obtained XRD spectrum to be slightly 
shifted relative to CuInSe2. To the best of our knowledge, this is 

 
Figure 9. a) XRD pattern of Cu(In,Ga)Se2 film made using ink containing copper, indium, and gallium metals dissolved in 
BAPSe+BA, b) XRD pattern of Cu2ZnSnSe4 film made using ink containing copper, zinc, and tin metals dissolved in BAPSe+BA, 
and c) XRD pattern of Ag2ZnSnSe4 film made using ink containing silver, zinc, and tin metals dissolved in BAPSe+BA. 
 

 
Figure 10. a) XRD pattern and b) TEM image of 
nanoparticles made using ink containing copper and indium 
metals dissolved in BAPSe+BA. 
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the first solution-processed, sulfur-free CIGSe film made 
directly by a molecular precursor approach. 

Additionally, such a wide range of soluble metal-selenium 
complexes allows for solution deposition of other various 
ternary and quaternary metal selenides. The Cu2ZnSn(S,Se)4 
materials system has been considered a promising earth-
abundant alternative to CIGSe.54 However, defects in 
Cu2ZnSnSe4 have led researchers to investigate substituted 
alternatives such as Ag2ZnSnSe4.55 While efficiencies of 
Cu2ZnSn(S,Se)4 solar cells were stagnant below 13% for many 
years, recent breakthroughs have allowed for 
(Ag,Cu)2ZnSn(S,Se)4 device efficiencies above 14% and may 
usher in a renewed interest in these materials.28,56 By combining 
copper or silver with zinc and tin in polyselenide inks at an 
appropriate stoichiometry, pure selenide Cu2ZnSnSe4 and 
Ag2ZnSnSe4 were produced through drop-cast methods. XRD 
(Figure 9) was used to identify the materials and confirm the 
absence of secondary phases. 

Beyond directly coating thin films from molecular 
precursors, metal selenide nanoparticles are also of interest. 
The same precursor inks that were used to coat thin films can 
similarly be utilized as the metal and selenium source in 
nanoparticle reactions. Not only can binary copper selenide and 
green-fluorescent nanorods of indium selenide be made (Figure 
S14), but copper and indium dissolved with BAPSe can be used 
to synthesize ternary CuInSe2 nanoparticles. The copper and 
indium polyselenides were isolated from excess n-butylamine 
through precipitation with toluene and redissolved in 
oleylamine. The solution was then allowed to react at 225°C for 
30 minutes in a sealed vessel in a microwave reactor. The 
resulting nanoparticles were identified as chalcopyrite CuInSe2 
through XRD (Figure 10a) with TEM showing a size of around 10 
nm (Figure 10b). 

Conclusions 
 This work introduces a selenium-based “alkahest” in the 
form of n-alkylammonium polyselenide solutions. These 
solutions are shown to be capable of dissolving a wide range of 
metals, including Cu, Ag, Zn, Cd, In, Ga, Sn, Ge, and As, and metal 
oxides, metal chalcogenides, and metal halides. This reactive 
dissolution of metals produces soluble n-alkylammonium metal 
polyselenides, hypothesized to occur by oxidizing the metals 
through the reduction of polyselenide ions. This route provides 
a convenient method for synthesizing soluble metal-selenium 
bonded complexes that can subsequently be used to produce 
solution-processed metal selenides. Not only can pure binary 
metal selenides be produced, but we have also shown that by 
combining inks, pure multinary metal selenides like 
Cu(In,Ga)Se2, Cu2ZnSnSe4, and Ag2ZnSnSe4 can be synthesized. 
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