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An outstanding challenge in the development of novel functional materials for optoelectronic

devices is identifying suitable charge-carrier contact layers. Herein, we simulate the photovoltaic

device performance of various n-type contact material pairings with tin(II) sulfide (SnS), a p-type

absorber. The performance of the contacting material, and resulting device efficiency, depend most

strongly on two variables: conduction band offset between absorber and contact layer, and doping

concentration within the contact layer. By generating a 2D contour plot of device efficiency as a

function of these two variables, we create a performance-space plot for contacting layers on a given

absorber material. For a simulated high-lifetime SnS absorber, this 2D performance-space

illustrates two maxima, one local and one global. The local maximum occurs over a wide range of

contact-layer doping concentrations (below 1016 cm�3), but only a narrow range of conduction

band offsets (0 to �0.1 eV), and is highly sensitive to interface recombination. This first maximum

is ideal for early-stage absorber research because it is more robust to low bulk-minority-carrier

lifetime and pinholes (shunts), enabling device efficiencies approaching half the Shockley-Queisser

limit, greater than 16%. The global maximum is achieved with contact-layer doping concentrations

greater than 1018cm�3, but for a wider range of band offsets (�0.1 to 0.2 eV), and is insensitive to

interface recombination. This second maximum is ideal for high-quality films because it is more

robust to interface recombination, enabling device efficiencies approaching the Shockley-Queisser

limit, greater than 20%. Band offset measurements using X-ray photoelectron spectroscopy and

carrier concentration approximated from resistivity measurements are used to characterize the zinc

oxysulfide contacting layers in recent record-efficiency SnS devices. Simulations representative

of these present-day devices suggest that record efficiency SnS devices are optimized for the

second local maximum, due to low absorber lifetime and relatively well passivated interfaces. By

employing contact layers with higher carrier concentrations and lower electron affinities, a higher

efficiency ceiling can be enabled.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4930581]

I. INTRODUCTION

For many thin film photovoltaic materials, a major

hurdle to achieving high efficiency is finding the appropriate

n-type material pairings for making optimized heterojunc-

tions. Sub-optimal material pairings can cause either current

blocking, limiting short-circuit current (JSC), or large inter-

face recombination currents, limiting open-circuit voltage

(VOC). Studies in commercially successful p-type thin film

absorber materials, such as CIGS and CdTe, have shown that

the optimal n-type material pairing for a thin-film heterojunc-

tion has the following characteristics:1,2 wide band gap, large

valence band offset, high carrier concentration, and spike-

type (positive) conduction band offset. While these studies

provide design guidelines optimizing the electronic properties

of a material pairing, the exact values for co-optimization of

carrier concentration and conduction band offset are highly

dependent on the absorber material electronic properties.

An outstanding problem in this field is to provide a

standard framework to visualize the performance across

these parameters. To address this challenge we model the

impact of these parameters and provide a road-map for de-

vice development as absorber lifetime improves. As an

example, this framework is applied to tin(II) sulfide (SnS)

devices. We develop a model for a feasible, but as of yet

unrealized, high efficiency SnS device and use the model to

map out device performance for varying carrier concentra-

tion and band alignment of contact layers. We then perform

the same analysis on a SnS device representative of our

present-day device performance.

SnS has promising optical3 and electronic properties4,5

for a photovoltaic absorber material, is Earth-abundant, and

is easily manufacturable.6 Much experimental effort has

been put into finding an optimal contact layer for SnS, as

summarized in Ref. 7. However, SnS devices have only

recently achieved NREL certified efficiencies of 4.36% for

atomic layer deposited SnS,8 and 3.88% for thermally evapo-

rated SnS,6 falling far short of the Shockley-Queisser effi-

ciency limit of 31%.9 The devices investigated here use a

Mo/SnS/Zn(O,S)/ZnO/ITO/Ag heterojunction device

stack.10 Molybdenum (Mo) is the back contact, SnS is a p-

type absorber material, zinc oxysulfide Zn(O,S) is the n-type
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buffer layer or contact layer of interest, zinc-oxide (ZnO) is

an n-type window layer, indium tin oxide (ITO) is an n-type

transparent conducting oxide, and Ag is a metal contact.

Here, we focus on performance due to varying the electric

properties, specifically the conduction band-offset and

carrier concentration, of the buffer layer, Zn(O,S).

By varying the sulfur to zinc composition during atomic

layer deposition of the Zn(O,S) buffer layer, the electron

affinity, and therefore conduction band alignment with SnS

can be tuned.11,12 Additionally, nitrogen doping of the

Zn(O,S) lowers the electron carrier concentration in the

buffer layer. Experimental optimization following Refs. 8

and 13 found that the highest performing device had a S/Zn

ratio of 0.14 and nitrogen doping. Measurements of the

carrier concentration under illumination (to account for pho-

toconductivity effects) and band alignment are performed

for Zn(O,S) with varying S/Zn composition, including the

composition, resulting in record device efficiencies.6,8 These

experimentally achievable compositions are contextualized

within the performance space defined by simulation. The

simulated efficiencies are compared with experimental

results for devices using a range of buffer layer composi-

tions. The simulated performance space shows there are still

efficiency gains to be had by optimizing the buffer layer with

present-day lifetimes, within the range of buffer layer carrier

concentrations and conduction band offsets experimentally

achievable by the Zn(O,S) system. The performance spaces

also provide guidance for re-optimizing the buffer layer to

one with a higher carrier concentration as the SnS bulk life-

time improves. Similar performance spaces could be simu-

lated for other absorber systems, demystifying the choice of

contact layer pairing and reducing the number of devices

that must be fabricated.

II. METHODS

A. 1-D device simulation of SnS device stack using
SCAPS

We simulate these thin-film photovoltaic devices in

SCAPS 1-D, which self consistently solves the drift-

diffusion equations for electrons and holes and Poisson’s

equation for the electric field.14 Definition files for our simu-

lation can be found in the supplementary material.15 SCAPS

is required to reproduce our simulations and can be obtained

for free from Ghent University. Batch simulations results

from SCAPS are further processed and analyzed in

MATLAB. Here, we detail our assumptions for the parame-

ters in our device simulations, except for the buffer layer

carrier concentration and conduction band offset which are

varied. There are two scenarios defined by a set of parame-

ters: the first scenario represents potential high-efficiency

SnS devices, and the second scenario represents present-day

SnS devices. The parameters for the device stack presented

here vary from those assumed in previous simulation of SnS

devices.16 A schematic of the device stack is shown in

Figure 1, and parameters defining this device in SCAPS are

summarized in Table I. Justification for the choice of some

parameters is detailed here.

Although SnS has a direct and indirect transitions that

influence optoelectronic properties, the indirect transition at

1.1 eV is the relevant transition for defect-assisted recombi-

nation.3 We use an average of the static dielectric constant

across different orientations.19,25 SnS hole mobility is

obtained from Hall effect measurements. The SnS electron

mobility is calculated as le ¼ lh
m�
h

m�
e
, where the effective

mass ratio between electrons and holes is averaged across

orientations as
m�
h

m�
e
¼ 0:68

0:28 ¼ 2:46.3 Previous QE analysis sug-

gests that the minority carrier lifetime for the present-day

scenario is approximately 100 ps.17 Recently, this order of

magnitude was verified by terahertz pump-probe free carrier

absorption spectroscopy.18 The high-efficiency scenario

assumes a SnS lifetime of 500 ns.

We use measured values for absorption in SnS, as are

reported in Ref. 6. The same study shows that all carriers

generated in the window and buffer layers are lost and not

collected in present-day devices. To enforce this, we assume

lifetimes of <10�2ns for the present-day scenario. For the

high-efficiency scenario, we assume no generation (the

absorption coefficient is set to zero) or recombination in

the buffer (Zn(O,S)) and window (ZnO/ITO) layers. In the

present-day scenario, experimental absorption data for the

ZnO and ITO from Ref. 6 are used, accurately modeling the

optical band-gap of the material.

In both the present-day and high-efficiency scenarios,

the electronic band gaps of the ZnO and ITO front layers do

not affect generation or recombination. We therefore define

the ITO, ZnO, and Zn(O,S) electronic band gaps to be 2.5 eV

to enable numerical convergence. These gaps are sufficiently

large enough to block hole transport from the SnS to the

buffer layer. Reducing the band gap from the physical values

(up to 3.3 eV) down to 2.5 eV reduces dramatic variations in

minority-carrier concentration, enabling numerical conver-

gence with no impact on device performance.

FIG. 1. Experimental device stack for SnS-based devices, including silver

contact, indium tin oxide and zinc-oxide transparent contact/window layers,

zinc-oxysulfide buffer layer, tin-sulfide absorber layer, and molybdenum back

contact. The stack is grown on a silicon substrate with a silicon-oxide layer.
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The electrical parameters of the ZnO window layer are

held constant as shown in Table I. For ZnO, the values for

carrier concentration and permittivity come from Ref. 23 and

the carrier concentration values are consistent with measure-

ments on 100 nm thick films.13 We also use an average of

the ZnO effective masses in Ref. 22 to calculate the effective

density of states in ZnO. Rather than assuming absolute

electron affinities from the literature for each layer, all band

offsets are treated as relative. There is zero conduction band

offset between ZnO and Zn(O,S) for S/Zn¼ 0.14,11 and we

set the conduction band offset between ZnO and Zn(O,S) for

all other S/Zn compositions relative to this case. The

Zn(O,S) conduction band-offset from SnS for S/Zn¼ 0.14 is

measured using X-ray photoelectron spectroscopy.

The parameters for ITO do not affect the simulation,

and ITO acts as an ohmic contact on ZnO. We include it in

the device stack to correctly account for optical and elec-

tronic losses in the ITO for the present-day scenario.

Similarly, the silver contact does not impact simulations The

built-in voltage is set by the SnS, Zn(O,S), and ZnO layers,

as long as ZnO is not fully depleted. Given carrier concentra-

tions of 1019 cm�3 and 18 nm thickness, ZnO will not be

depleted.

The molybdenum (Mo) back contact is ohmic with SnS,

as demonstrated by transmission line contact resistance

measurements.24 The recombination velocity at the Mo back

contact is assumed to be high, 107cm/s, in the present-day

scenario and low 102cm/s for the high-efficiency scenario.

Such low surface recombination velocities have been

achieved using metal-oxide passivated contacts in other

systems.26,27

B. Fitting to obtain interface recombination velocity

The interface recombination velocity for the SnS/Zn(O,S)

interface is unknown. To determine a reasonable value for

interface recombination, we simulate the current-voltage and

quantum efficiency over the experimentally determined range

of buffer layer carrier concentration and band offset. We vary

the interface recombination velocity between 102cm/s and

107cm/s. The results of this full parameter sweep on current-

voltage and quantum efficiency are shown in light grey in

Figure 2 and compared with experimental results for a device

with S/Zn¼ 0.14 and nitrogen doping (dashed line). We then

filter these simulated curves for those that have

VOC¼ 0.326 0.02V. This reduced range of simulations is

plotted in darker grey in Figure 2(a). As is shown by the lim-

ited variation of JSC (Figure 2(a)) and quantum efficiency

(Figure 2(b)) over the full range of interface velocities (light

grey curves), JSC and quantum efficiency are set primarily by

bulk lifetime and do not effectively constrain the buffer-layer

parameters. The differences in fit between simulation and

experiment are small, given that most parameters are order-

of-magnitude estimates (Fig. 2).

While the interface recombination velocity fit is not

unique, it only varies by an order of magnitude within the

error bars of measured conduction band offset. For larger

interface recombination velocities, the best-fit conduction

TABLE I. Parameters held fixed in all simulations are summarized here. Carrier concentration in Zn(O,S) and band offset between SnS and Zn(O,S) are varied

as indicated in the text to produce the buffer layer performance space. Split column indicates when values are different for the current and high performance

SnS device simulations. Other parameters defining the simulations in SCAPS can be found in the device definition files included in the supplementary

materials.15

Material parameter
Value for

Source

present-day scenario High-efficiency scenario

SnS thickness 1 lm SEM cross-section

SnS band gap 1.1 eV Reference 3

SnS minority carrier lifetime 100 ps 500 ns See Sec. II17,18

SnS static dielectric constant 40 Reference 19

SnS hþ (e�) mobility 30 (74) cm2/(Vs) Hall effect measurement (e� calculated

using mh/me from Ref. 3)

SnS hþ carrier density 1016cm�3 Hall effect measurement

SnS NC (NV) density of states 3.6� 1018 (1.4� 1019) cm�3 Calculated from effective masses3

ITO, ZnO, Zn(O,S) band gaps >2.5 eV See Sec. II

SnS/Zn(O,S) interface recombination

velocity

2� 103cm/s See Fig. 1

Zn(O,S) thickness 36 nm Reference 20

Zn(O,S), ZnO dielectric constant 9 Reference 21

Zn(O,S), ZnO NC (NV) density of states 2� 1018 (7� 1019) cm�3 Calculated from effective masses22

Zn(O,S)/ZnO band offset 0 eV Reference 11 for S/Zn¼ 0.14 Zn(O,S)

ZnO thickness 18 nm Reference 20

ZnO e� carrier density 1019cm�3 References 13 and 23

ZnO, Zn(O,S), ITO lifetime <10�2ns No loss Assuming no collection in these layers6

Optical absorption for all layers Wavelength dependent No absorption in buffer or

window layers

Reference 6

ITO and Mo contacts Flat-band alignment (ohmic) Reference 24

Recombination velocity at contacts 107cm/s 102cm/s High limit/no loss
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band offset must be closer to zero as shown in the inset of

Figure 2(a). Both increasing interface recombination velocity

and increasingly negative conduction band offsets will

increase interface recombination. The buffer layer carrier

concentration does not affect the performance or fit in this

range. An interface velocity of 2� 103cm/s fits well for the

measured conduction band offset of �0.38 eV, so we use this

value in all simulations.

C. Experimental measurements

Carrier concentrations of thin Zn(O,S) buffer layers

were determined through a combination of Hall effect and

sheet resistance measurements. Hall effect measurements

were performed on thin film samples ranging from

30–100 nm, under dark conditions, with magnetic fields

ranging from �1.5 toþ 1.5 T. In addition, thin samples of

30–40 nm thickness were measured using an AC Hall effect

measurement with a rotating magnet system.28 The sheet

resistance was measured on device-thickness films (38 nm)

using a two-point contact and an electrometer with a 200 GX
input impedance. We illuminate the sample with AM1.5

light for approximately one hour, allowing the resistivity to

stabilize. We then shut off the light and measure the resistiv-

ity for 14 h (see supplementary material15). We report illumi-

nated values, as these values are representative of solar cell

operation. Using the electron mobility determined by Hall

effect, thickness, and the resistivity data, we estimate the

carrier concentration.

Band offset measurement methods are presented in the

supplementary material.15

III. RESULTS

A. Buffer layer performance space for high-efficiency
scenario

To fully visualize the effect of buffer layer parameters

for the high-efficiency scenario, we simulate current-

voltage curves for SnS devices with varying buffer layer

compositions. Figure 3 shows a contour plot of the resulting

device efficiency as a function of buffer layer carrier

concentration and conduction band offset. To separate out

the impact of the buffer layer from other loss mechanisms,

we assume a SnS minority carrier lifetime of 500 ns and no

optical or recombination losses in the buffer, window, or

contacting layers. Details of the device parameters can be

found in Sec. II. The respective current-voltage curves and

band diagrams are plotted for representative points (A-E)

marked on the contour plot.

The contour plot in Figure 3 demonstrates a range of

different device behaviors due to the buffer layer pairing.

The highest-efficiency regime in the upper right (A) has high

carrier concentration >1018 cm�3 in the buffer layer and a

conduction-band offset between �0.2 and 0.2 eV. In the

high-efficiency region, the high number of electrons in the

buffer layer sets up a larger depletion region in the absorber,

moving the location of equal hole and electron populations

(the p-n junction) into the absorber and away from the physi-

cal SnS/Zn(O,S) interface. The depletion of holes at the

interface is observable from the large gap between the hole

quasi-Fermi level and the valence band at the interface in the

band diagram for location (A). The reduction of holes at the

interface, and movement of the junction into the absorber

reduce the interface recombination. When buffer carrier con-

centrations are 1017cm�3, the electron quasi-Fermi level

moves toward mid-gap at the interface, the p-n junction is at

the physical SnS/Zn(O,S) interface, and interface recombina-

tion is maximized.1,2,29 Thus, a device at location (D) has

much larger interface recombination than devices with

higher (A) or lower (B) carrier concentrations.

At carrier concentrations less than 1018cm�3 and

conduction-band offsets greater than zero (E), performance

drops off due to a current-blocking spike in the conduction

band. Comparing the band diagrams for a device with this

current-blocking spike (E) and the highest-efficiency regime

(A), we can see that both have spike-type offsets. In the high

efficiency device (A), the high buffer-layer carrier concentra-

tion increases band bending allowing unimpeded thermionic

electron transport, as indicated by the location of the electron

quasi-Fermi level above the conduction band. In the case of

lower carrier concentration (E), the electron quasi-Fermi

FIG. 2. Comparison of current-voltage (a) and quantum efficiency (b) measurements (dashed line) with simulation (grey-solid) for devices with Zn(O,S), S/

Zn¼ 0.14, and nitrogen doping. Light grey simulated curves in both A and B show the range of behaviors over experimentally measured error in buffer carrier

concentration and band offset shown in Figures 4(b) and 4(c). This grey area also includes the performance for interface recombination velocities varying from

102 to 107cm/s. Curves with VOC¼ 0.326 0.02V are shown in dark grey in (A). The recombination velocity and conduction band offset for this subset of

curves are correlated, as shown in the inset. Circles represent the parameters for an individual simulation.
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level is far from the conduction band in the buffer layer and

transport will be impeded. These limiting behaviors have

been described previously,1 but their onset as a function of

carrier concentration and conduction band offset are more

readily visualized in a 2-D plot.

Another interesting aspect revealed by this parameter-

space plot is that there is a local maximum for small cliff off-

set (�0.1 eV) and low carrier concentration <1016 cm�3 (B).

A local maximum such as this could be mistaken for a global

maximum during experimental optimization. Additionally,

to move from this local maximum (B) to the high carrier

concentration maximum (A), one must pass through a region

of lower device performance. Experimentalists should not be

discouraged by lower device performance, as further changes

to the carrier concentration and offset will result in higher

efficiency. Taken together, this full picture provides a road-

map for developing SnS buffer-layer pairings. Next, we

address how the buffer layer performance space changes for

present-day scenario, and where the highest performing

buffer layer falls in this space.

B. Analysis of buffer layer performance space for
present-day scenario

We revise the numerical SCAPS model to represent

present-day performance of SnS devices. After including

lower minority-carrier lifetime, optical losses, and contact

losses representative of present-day devices (see Sec. II for

details), the buffer-layer performance space changes (Figure

4(a)). The buffer layer with maximum efficiency is now one

with a small cliff conduction band offset (�0.1 eV) with low

carrier concentration (<1016cm�2). Additionally, the effi-

ciency decreases as the conduction band offset varies from a

�0.4 eV cliff to a 0.3 eV spike conduction band offset for

carrier concentrations above 1018 cm�3. In this region, the

gains seen in Figure 3 for band alignment closer to zero are

masked by bulk recombination. Increased interface recombi-

nation when the Fermi-level sits mid-gap, and current block-

ing for low carrier concentration buffer layers with spike-

type offsets, still defines the lower carrier concentration

region.

We experimentally characterize the carrier concentra-

tion and conduction-band offset for buffer layers of varying

compositions, and overlay the results on Figure 4(a). The

carrier concentration with S/Zn¼ 0.14 (with and without

nitrogen doping), 0.26, and 0.37 are inferred from resistivity

and Hall effect measurements (see Sec. II for details). We

measure films of active layer thickness (30–100 nm) under

illumination to account for thickness and photoconductivity

effects. Increased carrier concentration in the light is not

necessarily a problem for device performance.30–32 Both the

S/Zn¼ 0.14 with nitrogen doping and S/Zn¼ 0.37 composi-

tions have much lower carrier concentration, 5� 1016 cm�3,

than the S/Zn¼ 0.14 and 0.26 compositions, 1019 cm�3.

FIG. 3. Contact-layer performance

space for Zn(O,S) buffer layers in SnS

devices with high lifetime: Colormap

of simulated efficiency (color inten-

sity) of SnS device with varying con-

duction band offset between absorber

and buffer layer (x-axis) and varying

buffer layer carrier concentration (y-

axis). This simulation is for a 500 ns

lifetime SnS absorber with no optical

or recombination losses from the

buffer, window or contacting layers.

Color indicates high (lighter) and low

(darker) efficiency from 0 to 20%.

Parameters for the device stack, other

than the band offset and buffer layer

carrier concentration, are found in Sec.

II. Current-voltage behavior and band

alignment for points A through E indi-

cated on the counter plot are also

shown. The numerically calculated

band diagrams show the conduction

and valence bands in black, illustrating

the respective band offset and band

bending between SnS and the buffer

layer at the max power point. The elec-

tron (red) and hole (blue) quasi-Fermi

levels are also illustrated. These band

diagrams are zoomed in to the junction

and do not show the full thickness of

SnS and ITO.
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Although the carrier concentration for S/Zn¼ 0.5 composi-

tion has not been measured in the work, it is expected to be

comparable to or lower than that for the S/Zn¼ 0.37 compo-

sition. As one transitions from ZnO to ZnS, the difficulty of

n-type doping through intrinsic or extrinsic defects

increases.33

Using X-ray photoelectron spectroscopy (XPS) and

UV-vis spectrophotometry, we measure a conduction band

offset of �0.386 0.2 eV, at the SnS/Zn(O,S) interface for

S/Zn¼ 0.14. The conduction band offset for Zn(O,S) with

S/Zn¼ 0.23 and SnS was determined to be 06 0.2 eV. We

anticipate the band offset of the S/Zn¼ 0.23 composition to

be very close to that of the S/Zn¼ 0.26 composition used in

devices. The conduction band offset for Zn(O,S) with

S/Zn¼ 0.36 and SnS was determined to be þ 0.246 0.2 eV.

See Sec. II for details of XPS interpretation. The conduction

band offset for S/Zn¼ 0.5 was taken from Ref. 34. The

increasing conduction band offset with S/Zn composition is

consistent with previous reports.11,12

In Figure 4(b), we compare experimental (solid) and

simulated (dashed) current-voltage curves for the character-

ized buffer layer composition indicated in Figure 4(a). The

simulated curves for each buffer layer composition can vary

significantly within the measured errorbars in Figure 4(a),

but only those best matching the data are shown. The S/

Zn¼ 0.14 with nitrogen doping has the highest experimental

performance (shown in maroon). As indicated in Figure 4(a),

this buffer layer has low carrier concentration (between 1015

and 1016 cm�3) and a cliff (�0.38 eV). The interface recom-

bination velocity assumed in Figure 4(a) (2� 103 cm/s) is

found by fitting the VOC point to this device (see Sec. II for

details). Buffer layers with S/Zn¼ 0.37 and 0.5 show lower

JSC, consistent with current blocking seen in the simulated

curves. The discrepancy in VOC for S/Zn¼ 0.37 (gold) can

be attributed to shunt resistance (50–200 X cm2) in

experimental devices, which is not included in this simula-

tion. Despite the prediction of 4–5% for S/Zn¼ 0.14 and

0.26, the experimental current-voltage curves are completely

shunted.

IV. DISCUSSION

Using a computationally fast 1-D model, we evaluate a

vast performance space for the contact-layer (or buffer layer)

Zn(O,S) on SnS. With these performance spaces, we can

easily identify the contact-layer carrier concentration and

conduction band-offset resulting in the highest efficiency

device. For the high-lifetime simulations in Figure 3, the

results are consistent with simulation results for other mate-

rial systems.1 However, the 2-D contour map provides a

more complete roadmap for experimental exploration. The

simulations for the present day scenario are largely consist-

ent with experiment for low-carrier-concentration buffer

layers, while devices with high-carrier-concentration buffer

layers show shunting not captured in simulation.

A. Simulations can provide a comprehensive mapping
of contact-layer performance to guide experiment

These performance space plots help guide experiments

through two challenges in optimizing contact-layers: (1) navi-

gating the non-monotonic complex behavior in contact-layer

performance space for a specific absorber and (2) re-optimizing

the contact-layer as the absorber lifetime improves. The per-

formance space for a given absorber can be very complex;

Figures 3 and 4 both show oddly shaped maxima and minima.

Completely resolving the behavior in such a complex space

through experiment alone would require the fabrication of a

large number of devices. Indeed, the data points from experi-

mental optimization in Figure 4(b) do not cover the maxima of

this performance space. Additionally, relying on local behavior

FIG. 4. Contact-layer performance space for Zn(O,S) buffer layers in present-day scenario: Subplot (a) shows the efficiency for varying Zn(O,S) buffer layers

in SnS devices with 100 ps lifetime, optical losses and other loss mechanisms characteristic of present-day devices. Color indicates high (lighter) and low

(darker) efficiency from 0 to 7%. The dots and error bars indicate conduction band offset, as measured by XPS, and buffer layer carrier concentrations, as

measured by resistivity, for Zn(O,S) buffer layers for S/Zn¼ 0.14, 0.26, 0.37, and 0.5. S/Zn¼ 0.14 is shown with and without nitrogen doping. Subplot (b)

show the experimental (solid) and simulated (dashed) current-voltage results of SnS devices with the same set of Zn(O,S) buffer layers as indicated in subplot

(A). The area of each experimental (solid) current-voltage curve indicates the standard error across non-shunted devices grown on the same substrate, except

for S/Zn¼ 0.5 which shows the total spread across devices on single substrate.
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could be deceiving. For example, if a series of experiments

found the local maxima in Figure 3 at the conduction band off-

set of �0.1 eV and carrier concentration of <5� 1016cm�3

small changes in either band-alignment or carrier concentration

would result in a decrease in efficiency, discouraging further

exploration in those directions and missing valuable efficiency

gains. However, simulation allows a more comprehensive view

of the performance space, potentially streamlining experimen-

tal efforts and exposing local and global maxima.

The second way that performance space plots can help

guide device optimization is by identifying changes in loca-

tion of the global maxima as other material layers in the

device are improved. As we move toward high-efficiency

SnS devices, Figures 4(a) and 3 can be used to re-optimize

the contact-layer as the position of the global maxima within

the performance space changes.

B. Relative efficiency of high and low carrier
concentration maxima depend on magnitude of bulk
and interface recombination

Comparing the present-day and high-efficiency SnS device

scenario, the absolute maximum of the performance space

moves from the low carrier concentration maximum to the high

carrier concentration maximum. The change in location of the

global maxima is directly due to changes in bulk lifetime. In

the high-efficiency scenario the bulk lifetime is high, making

interface recombination limiting throughout more of the space.

As one might expect, the high carrier concentration maximum,

where interface recombination is suppressed, has higher effi-

ciency than the low carrier concentration maximum, where

interface recombination is not suppressed.

Recombination in the present-day scenario is less intui-

tive. In the present-day scenario, there is no longer a clearly

defined maxima at a slight spike/high carrier concentration.

A comparison of the interface and bulk recombination at the

low carrier concentration maxima and slight spike/high car-

rier concentration region in the present-day scenario are

shown in Table II. The higher buffer layer carrier concentra-

tion suppresses interface recombination by an order of mag-

nitude (0.55 to 0.025mA/cm2). However, the bulk

recombination increases by 21mA/cm2. This increase comes

from the following effect: as the buffer layer carrier concen-

tration increases, the location of the p-n junction (or equal

electron and hole concentrations) moves from the interface

into the bulk, increasing bulk recombination. For present-

day devices with relatively low interface recombination

velocities of 2� 103cm/s and relatively high bulk recombi-

nation, the increase in bulk recombination greatly outweighs

the suppression of interface recombination velocity. As we

move to higher-lifetime SnS materials, a few mA/cm2 inter-

face recombination current will become substantial com-

pared to the bulk recombination and the high carrier

concentration maximum will be more advantageous.

C. Model sensitivity to interface recombination
velocity and other variables

As described in Sec. II, the interface recombination

velocity is the only fitting parameter in our model. As of yet,

there exists no independent experimental evaluation of our

predicted interface recombination velocity of 2� 103cm/s. To

explore the impact of interface recombination velocity, we

simulated the buffer layer design space plots for our high-

efficiency (Figures S4(a)-S4(c)) and present-day (Figures

S5(a)-S5c) devices with interface recombination 200, 2000,

and 10 000 cm/s. The range 200 to 10000 cm/s covers the

error in fitting interface recombination velocities to the experi-

mental data, as described in Sec. II. The qualitative features of

the design space plots do not change with varying absorber-

buffer interface recombination. In the high-efficiency case, the

two local maxima still exist, and their positions are minimally

altered by increasing interface recombination. In both scenar-

ios, the region with absorber-buffer conduction-band-offset

between �0.2 and 0.2 eV and buffer-layer carrier concentra-

tion greater than 1017cm�3 are unaffected by changing inter-

face recombination within this range. Areas outside this

region are generally more sensitive to interface recombination

in both scenarios. For further discussion of these simulations,

see the supplementary material.15

The relative efficiency and location of the two local

maxima also depend on all the parameters that set the built-

in voltage in the device, including density of states, relative

band alignment, carrier concentrations, and dielectric con-

stants in the absorber, buffer, and window layers. For exam-

ple, a sensitivity analysis at the low carrier concentration

maximum in Figure 4(a) finds the efficiency at this point

changes by 7% relative to the baseline simulation if the SnS

static permittivity varies within literature values (13.7

to 50).3,19 Varying the SnS hþ carrier density from

5� 1015cm�3 to 5� 1016 cm�3 changes the efficiency by

22% relative to the baseline simulation at the same point.

Despite this sensitivity, the qualitative behaviors, such as the

current blocking region and high-carrier-concentration max-

ima, are robust to variations.

D. Practical implications and strategies for optimizing
device design

Our simulations for the present-day scenario in Figure 4

indicate that even with increased bulk recombination,

high buffer-layer carrier concentrations should yield high-

TABLE II. Bulk (Jbulk (V)) and interface recombination (Jinterface (V)) cur-
rents at the two maximum from Figure 3 for the present-day scenario shown

in Figure 4(a). The total current out of the device can be written as a linear

combination of the illumination current and all the recombination currents:

Jtotal (V)¼ Jillumination� Jbulk (V)� Jinterface (V)� Jother (V). Each recombina-

tion term in this equation is the integration of the numerically calculated

recombination in the device simulation over the relevant region at a particu-

lar voltage. The bias is 0.36V.

Present-day scenario: trade-offs in bulk and interface recombination currents

Low carrier

concentration

maximum

Slight spike/high

carrier concentration

Conduction band-offset �0.1 eV (cliff) 0.1 eV (spike)

Buffer carrier concentration 1015 cm�3 1019cm�3

Bulk recombination 11mA/cm2 32mA/cm2

Interface recombination 0.55mA/cm2 0.025mA/cm2
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performance devices compared to the experimentally best

performing device with S/Zn¼ 0.14 and nitrogen doping.

However, for both high buffer-layer carrier concentration

devices (S/Zn¼ 0.14 and 0.26 without nitrogen doping), we

experimentally observe shunted devices with low VOC’s.

This behavior is consistent with presence of pinholes, cracks,

or voids in our absorber layers. The 1-D nature of the simula-

tion inherently assumes that films are uniform and cannot

capture such heterogeneities. Pinholes can be coated with the

buffer-layer material during highly conformal atomic layer

deposition. If the buffer layer is highly doped, it will create a

highly conductive pathway between the emitter and back

contact metal, resulting in low shunt resistances. Low-carrier

concentration buffer layers with slight cliff (�0.1 eV) offsets

may be necessary until these cracks can be eliminated during

processing.

Taken together, this work suggests two approaches to

contact- or buffer layer optimization as defined by the two

maxima in Figures 3 and 4. Approach (1) is to target the

high-carrier concentration maximum (location A in Figure 3)

by achieving buffer layer doping levels at or greater than

1019 cm�3. Below carrier concentrations of 1018cm�3 current

blocking causes efficiencies to drop precipitously. This

region represents the highest achievable efficiencies. As bulk

lifetime of SnS (or any absorber material) increases, effi-

ciency benefits will be most noticeable and measurable in

this region. Additionally, performance in this region is robust

to a wide range of conduction band offset between �0.15

and 0.3 eV. The conduction band of SnS varies with grain

orientation by more than 100mV,35 so insensitivity to this

variation is advantageous. Encouragingly, our current experi-

mental buffer layer band offset and carrier concentrations

suggest that we can fabricate Zn(O,S) buffer layers in this

region using the S/Zn¼ 0.26 composition. However, success

requires that we overcome the shunting problems in our

present-day SnS absorber layer.

As many early-stage thin films may suffer from non-

uniform growth, cracks, or pinholes, targeting the low-

carrier concentration maximum (point B in Figure 3) may be

a useful approach during absorber growth optimization. In

this case, approach (2), the buffer layer carrier concentration

may vary between 1014 and 5� 1016cm�3 without affecting

device performance. However, this approach is very sensi-

tive to the conduction band offset, and only a narrow range

0.1 eV wide around a �0.1 eV cliff has high efficiencies.

While this approach should support efficiencies greater than

10%, it will eventually limit efficiency improvement and a

transition to approach (1) is desirable. To realize approach

(2) nitrogen doping could be used on a Zn(O,S) layer with

composition between S/Zn¼ 0.14 and 0.26 to achieve

�0.1 eV conduction band alignment. Regardless of the path

chosen, we demonstrate that current buffer layer deposition

technology can deposit Zn(O,S) layers with conductivity and

conduction band offsets suitable for either approach.

V. CONCLUSION

Here, we present a framework to identify a suitable

charge-carrier contact layer for photovoltaic absorber

materials. Our analysis of device performance with a 2-D

contour plot provides clear bounds for the conduction band

offset and buffer-layer carrier concentration that will provide

the highest efficiency device for a given absorber. We dem-

onstrate the application of this performance space for devices

with an SnS absorber layer and Zn(O,S) buffer layer as the

contacting layer. Analysis of a high-efficiency scenario

reveals two local maxima in the performance space. The first

local maximum, which supports efficiencies above 16%,

occurs for buffer carrier concentrations less than 1016 cm�3

and a narrow range of conduction band offsets (0 to �0.1 eV

cliff). The second maximum, which supports efficiencies

above 20%, occurs at buffer-layer carrier concentrations of

greater than 1018 cm�3 and a broad range of conduction band

offsets (�0.2 eV cliff to 0.2 eV spike). These two maxima

represent different approaches for buffer-layer optimization.

The performance space for a present-day scenario, repre-

sentative of current bulk minority carrier lifetimes and other

losses, shows that the maximum at low buffer-layer carrier

concentrations has the highest efficiency. For devices with

100 ps lifetime and 102cm/s interface recombination velocity,

a high-carrier-concentration buffer layer actually increases

defect-assisted recombination in the absorber, and the effect

of decreasing interface recombination is negligible.

Experimental characterization of conduction-band offsets and

buffer-layer carrier concentrations for Zn(O,S) shows that all

regimes, including both maxima, of the buffer-layer perform-

ance space are accessible using the Zn(O,S) buffer-layer sys-

tem. Experimental device performance for buffer layers with

low buffer-layer carrier concentrations is consistent with that

predicted by theory, while devices with high carrier-

concentration buffer-layers show shunting.

Performance plots such as these could be used to rapidly

optimize buffer layer pairings for any material, assuming the

rest of the device is reasonably well characterized.

Additionally, this work suggests a generalizable approach to

buffer-layer pairings throughout material development and

may help explain the range of variation in empirically opti-

mized device architectures in literature. During early stage

material development, the lower carrier-concentration maxi-

mum is ideal, as it is robust to shunts and low minority-

carrier lifetimes often present in these materials. Once uni-

form, shunt-free films with higher minority carrier lifetimes

are achieved, the higher carrier-concentration can be targeted

to support efficiencies approaching the Shockley-Queisser

limit.
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