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ABSTRACT: The reduction  of  carrier  recombination  processes by  surface

passivation is vital for highly efficient crystalline silicon (c-Si) solar cells and

bulk  wafer  metrological  characterization.  Herein,  we report  a  dip  coating

passivation of silicon surfaces in ambient air and temperature with Nafion,

achieving a champion effective carrier  lifetime of 12 milliseconds on high

resistivity  n-type c-Si,  which  is  comparable  to  state-of-the-art  passivation

methods. Nafion is a non-reactive polymer with strong Lewis acidity, thus

leading to the formation of a large density of fixed charges at silicon surface;

1-2 orders of magnitude higher than what is achievable with conventional

thin-film passivation layers. Notably, Nafion passivates the c-Si surface only

by the fixed charges without chemical modification of dangling bonds, which

is fundamentally different from the common practice of combining chemical

with field-effect passivation. This dip coating process is simple and robust,

without the need for complex equipment or parameter optimization as there

is no chemical reaction involved.

Surface  passivation  of  semiconductors  is  widely  used  to  enhance  the

performance  of  photovoltaic  and optoelectronic  devices.1,  2 Attaining  high

effective  carrier  lifetimes  (τeff)  directly  enables  high  implied  open  circuit

voltages  in  silicon  solar  cells.  As  an  indirect  bandgap  semiconductor,

crystalline silicon (c-Si) possesses a long intrinsic carrier lifetime attributed to

slow radiative and Auger recombination which can even reach a hundred

milliseconds  in  lightly  doped  silicon.3 However,  severe  trap-assisted
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recombination, generally known as Shockley-Read-Hall (SRH) recombination,

typically  leads  to  much  shorter  experimentally  measured  τeff.  Despite

significant bulk SRH suppression in high-quality float zone (FZ) c-Si, τeff is

critically limited by surface SRH processes from large amounts of defect at

its  unpassivated  surface.4 Chemical  and  field-effect  passivation  are

commonly  two  effective  ways  to  suppress  surface  SRH  recombination.

Chemical  passivation  methods  often  involve  reactive  species  such  as

concentrated  hydrofluoric  acid  (HF),  iodine  /  methanol  and hydrogenated

amorphous silicon (a-Si:H), and thus reduce the interfacial defect density on

the silicon surface to reach a low surface recombination velocity (SRV).5-8

Field-effect  passivation  can  hinder  the  recombination  at  the  interface  by

growing or depositing oxide and nitride thin films with fixed charges,  e.g.

SiNx, AlOx, SiOx, TiOx, ZrOx, to induce band bending that results in asymmetric

carrier  concentrations.9-14 However,  since  the  fixed  charge  density  is

generally not sufficiently high,  state-of-the-art thin-film passivation almost

always  requires  additional  chemical  passivation  process  such  as  post

annealing, often in forming gas. 

Ideally,  the passivation processes should be non-destructible, stable and

carried out at room temperature. Solution methods,  e.g. concentrated HF,

can be performed at room temperature whereas the passivated wafers have

to be measured in situ due to the poor resilience to air exposure. The toxic

and  corrosive  nature  of  HF  also  restricts  its  extensive  use.  Conversely,

conventional thin-film passivation is more stable, but the deposition and post
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annealing processes require moderate to high temperatures (200−1000 oC)

which could alter the bulk lifetime by activating / deactivating metastable

bulk  defects.15,16 Additionally,  the  deposition  processes are  often complex

and suffer from process variability, and utilize capital intensive equipment.9,

10 Thus,  the  development  of  passivation  schemes  that  overcome  the

challenges above is of utmost interest for both bulk wafer metrology and

high efficiency solar cells. 

Organic materials for c-Si passivation have been studied from decades ago,

but  relatively  high  SRV  and/or  poor  air-exposed  longevity  for  ex  situ

characterization  limited  their  wider  application.5,  15,  16 Recently,  several

solution-processed thin-film passivation methods based on organic materials

are emerging, including bis(trifluoromethane)sulfonimide (TFSI), polystyrene

sulfonate and Nafion.  17-19 However, their passivation mechanism still needs

further exploration.  

Herein,  we report  a  dip  coating  method  using  the  commercial  polymer

Nafion to attain near ideal surface passivation of c-Si wafers. Nafion is well-

known  for  its  strong  Lewis  acidity  and  has  been  used  as  effective

heterogenous  Lewis  acid  catalyst  for  reactions,  including  Friedel-Crafts

alkylation  and  Diels-Alder  reaction.20,  21 Due  to  the  stable  fluoropolymer

matrix and immobilized sulfonic acid groups, Nafion is non-reactive and has

been used in implantable sensors.22, 23 Our study demonstrates that Nafion

dip coating provides c-Si surface passivation of up to τeff =12 ms. This simple

and robust passivation method can be performed in ambient air and room
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temperature,  and  is  sufficiently  stable  to  allow  for  subsequent  surface

characterization.  From  detailed  experiments  and  simulations,  Nafion

passivation mechanism is attributed to interfacial charge transfer caused by

Lewis acid-base interaction with the silicon surface, rather than chemically

saturating surface silicon bonds. Notably, the lack of chemical reaction in this

surface passivation scheme provides high reproducibility without the need

for  complex  equipment  or  process  parameter  optimization,  presenting  a

major advantage over the conventional techniques.  

RESULTS AND DISCUSSION

The schematic illustration of our passivation procedure is shown in Figure

1a. Following a quick immersion in 5% vol.  diluted HF solution for  native

oxide removal, (100) oriented mirror-polished c-Si wafers were dipped into

the polymer solutions for 30 s. The remnant solvent was dried by nitrogen to

yield  polymer  thin  films.  Subsequently,  samples  were  characterized  by

photoconductance  decay  (PCD)  method  to  extract  τeff.  The  dip  coating

method coats both sides of the wafer with Nafion simultaneously and avoids

chuck  marks  from  spin  coating  resulting  in  unpassivated  region  on  the

surface  which  can  reduce  the  measured  lifetime.  Four  polymers,  Nafion,

poly(4-styrenesulfonic acid) (PSS),  poly(acrylic acid) (PAA), and poly(methyl

acetate) (PMMA) were evaluated for their passivation effects (Figure 1b). The

passivation  performance  of  these  four  polymers  are  shown  in  Figure  1c.

Among these polymers,  Nafion is  the strongest  Lewis  acid and gives  the
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highest τeff of 12 ms, with a corresponding upper limit SRV of 2.6 cm s-1
 and

emitter  saturation  current  (Jo)  of  16  fA  cm-2 (Figure  S1).24 This  result  is

comparable  with  state-of-the-art  thin-film  passivation.10,  13,  14,  25 The

passivation quality of c-Si wafers coated by PSS, PAA and PMMA is lower,

with the τeff values of 2.5 ms, 0.1 ms and 0.03 ms respectively. As elucidated

later, the observed passivation quality of the various polymers is consistent

with their  corresponding Lewis acidity.  These results discussed above are

measured on high resistivity FZ  n-Si wafers with a doping concentration of

3.8×1013 cm-3 and at the injection level of 1015 cm-3.

The passivation effect of Nafion was then investigated on c-Si wafers of

various doping types and concentrations,  shown in Figure 2a. The results

demonstrate  Nafion  thin  films  can  passivate  various  c-Si  surfaces.  As

expected, τeff decreases with the increase of doping concentration and τeff of

n-Si is higher than that of p-Si, which is indeed consistent with bulk lifetime

difference of various c-Si wafers. Samples coated by Nafion thin films have

two orders of magnitude enhancement of τeff, compared to control samples

with diluted HF dip only (Figure S2). This passivation effect is reversible and

τeff drops  back  to  less  than 0.01  ms after  Nafion  removal  by  i-propanol.

Notably, Nafion can be completely removed from the surface as evident from

atomic force microscopy (AFM, Figure S3), thus the process can in principle

be used as a non-destructive in-line metrology technique. 

Nafion  passivation  is  sufficiently  air-stable  to  allow  for  various  surface

characterizations. When exposed to air, samples passivated by Nafion exhibit
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better τeff stability than that of HF treated samples. The τeff of the Nafion

passivated  wafers  reduces  by  approximately  30-40%  after  one-hour  air

exposure (Figure 2b) whereas τeff of HF treated samples drops two orders of

magnitude in several minutes.17 We attribute this decrease of τeff for Nafion

coated  samples  to  a  slow  silicon  surface  oxidation  process  with  residual

oxygen and water molecules. It should be noted that Nafion is not reactive

towards SiOx and does not etch the native oxide.26 As shown in a control

experiment (Figure S4), wafers without native oxide removal (i.e., without HF

dip) could also be passivated by Nafion, although with a lower τeff of 1.5 ms.

While wafers with and without HF dip show different τeff at the beginning,

eventually both wafers reach similar τeff after prolonged air-exposure. 

The c-Si orientation dependence of Nafion passivation was also explored.

To  ensure the  same bulk  quality,  polished  (100)  p-type c-Si  wafers  were

random pyramid-textured to expose (111) facets. The polished and textured

c-Si  wafers were passivated by Nafion. The two wafers showed negligible

variation  in  the  measured  lifetime  despite  the  differences  in  surface

orientation and surface area. Since surface chemical reactions are known to

have strong orientation dependence,27 these results further depict that the

Nafion does not modify the dangling bonds as part  of  the passivation.  In

distinct  contrast,  the  same polished  and textured  wafers  passivated with

conventional  i/p  a-Si:H  layers  exhibit  a  3x  difference  in  τeff arising  from

different surface orientations (Figure S5a). 
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 A strong evidence of charge transfer across Nafion / silicon interface was

observed by electrical measurements of a back-gated ultrathin body (10 nm

thick)  silicon  field-effect  transistor  with  an  open  front  side.  After  Nafion

coating, a positive shift of 4V in the threshold voltage (Vth) was observed

(Figure  S5b),  corresponding  to  negative  charges  in  Nafion  caused  by

interfacial  charge  transfer.  This  charge  transfer  is  suppressed  by  the

formation of silicon oxide at Nafion / silicon interface. Indeed, as described

previously,  the  Nafion  coated  samples  with  native  oxide  exhibit  a  lower

lifetime as  compared to those with  the oxide  removed (Figure S4).  Even

more,  control  samples  with  thicker  thermally  grown  SiO2 yield  non-

measurable lifetime, which indicates oxide layers act as barriers to charge

transfer.

Next, we model the effect of interfacial charge transfer on lifetime. The

charge transfer  occurring at  the polymer /  silicon interface results  in  the

formation  of  fixed  charges  with  a  density  Qf.  Lewis  acid  strength  of  the

polymers and the surface density of their functional groups determine Q f. As

discussed later in detail,  we estimate the upper limit  Qf  =7×1013 cm-2 for

Nafion.  This  Qf value  for  Nafion  is  significantly  higher  than  that  of

conventional thin-film passivation layers such as SiNx (1011−1012 cm-2) and

AlOx (1012−1013 cm-2).3, 10, 28 SRV was calculated as a function of interface trap

density (Dit) and Qf (Figure S6).29 Briefly,  following the principle of charge

neutrality  at  the  interface,  band  bending  is  determined  and  the  SRV  is

calculated. In order to convert SRV to τeff, the bulk lifetime was set to 47 ms.4
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A contour  plot  of  the  calculated  τeff is  shown in  Figure  3a,  in  which  the

dashed vertical  line  marks  the  upper  limit  Qf of  Nafion.  Surprisingly,  the

dashed line depicts τeff  of Nafion passivated surface is not affected by the

interface  traps  over  the  calculated  range  of  Dit=108 (minimal  surface

dangling bonds) to 1014 cm-2 eV-1
 (nearly saturated with dangling bonds), and

approaches the bulk lifetime value. This is consistent with the experimental

observation that repairing the surface dangling bonds is not necessary for

Nafion  passivation.  The  passivation  mechanism  is  illustrated  by  the

calculated energy band diagrams in Figure 3b. Here we use Dit=1012 cm-2 eV-1

which is the value reported in literature for the silicon surface after diluted

HF treatment and calculated from control samples in Figure S2.30 The band

bending  at  the  silicon  surface  is  small  before  Nafion passivation  when a

practically minimum Qf =108  cm-2 is used for the calculation. In this case,

electrons  and  holes  easily  recombine  at  the  surface  under  illumination,

resulting in a small τeff. On the other hand, large surface band bending is

induced after Nafion coating (Qf  =7×1013 cm-2). Consequently, the minority

carriers  are  repelled  from  the  surface  by  the  created  electric  field  thus

suppressing the surface recombination and leading to a high τeff. 

We further studied the correlation between τeff and Lewis acidity. We used

Nafion solutions  partially  neutralized to various  degrees by a weak Lewis

base, N,N’-dimethylaniline. Figure 4a shows the measured τeff as a function

of  neutralization,  which  is  defined as  molarity  of  added base  divided  by

molarity of acid functional groups in Nafion. In this case, Nafion withdraws
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electrons  from  N,N’-dimethylaniline  rather  than  silicon  with  increasing

neutralization.  As  expected,  τeff decreases  as  the  neutralization  of  Nafion

increases. 

Next, we studied the quality of surface passivation as a function of Lewis

acidity by using different polymers. We choose pKa as a simple guideline to

define Lewis acidity of the polymers. Figure 4b shows the calculated Qf as a

function of pKa for Nafion, PAA, PSS and PMMA. For simplicity, we assume

that the amount of Lewis acid active sites is proportional to the amount of

dissociated acid groups and one electron transfers at each active site. Then

the upper limit of Qf can be estimated by supposing the polymer chain is

close packed on the silicon surface (acidic groups density from 0.5 to 10 nm-2

in this model). In Figure 4b, the light grey region represents the estimated

upper limit Qf that polymeric acids can reach. Colored circles show the upper

limit Qf for the four polymers. Here, pKa can be regard as an indicator of

charge  transfer  efficiency  at  the  polymer  /  silicon  interface.  As  pKa is

reduced, Qf increases. At sufficiently low pKa (e.g. less than 0), the efficiency

starts  to approach unity;  in this region Qf saturates and does not further

increase with lowering of  pKa.  The calculated values are based on simple

assumptions; actual Qf may be slightly different due to uncertainty in charge

transfer  efficiency  and  surface  coverage  ratio.  In  the  future,  density

functional theory can be used to more accurately estimate Q f  for different

polymers. We also plot the measured and calculated τeff as a function of pKa

(Figure  4c).  As  expected,  the  calculated  τeff follows  the  trend  of  Qf as  a
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function of pKa. The calculated τeff is consistent with the experimental results

obtained  for  the  four  polymers,  further  validating  the  passivation

mechanism. 

Finally,  other  Lewis  acid  polymers  with  similar  pKa and  sulfonic  acid

functional groups as with Nafion, such as 3MTM PFSA and Aquivion® are also

effective in surface passivation (Figure S7), indicating the generality of the

concept.  And previous work of  TFSI  can also be attributed to this charge

transfer effect.17 Similarly, Lewis bases show passivation effects as well. In

this  case,  the  Lewis  base  donates  electrons  to  the  silicon,  resulting  in

positive  fixed charges  at  the  surface.  Passivation  performance  of  several

weak and moderate Lewis bases are shown in Figure S8, which qualitatively

follows  the  same  trend  as  that  of  Lewis  acid  treatment.  However,  most

strong Lewis bases are unstable or chemically react with silicon, thus are not

explored in this study.

CONCLUSION

In this study, we have demonstrated a simple, dip coating passivation at

room temperature by Nafion and other polymeric Lewis acids. The champion

lifetime shows 12 ms on lightly doped FZ  n-Si with significantly higher air-

exposed  longevity  compared  to  conventional  solution  treatments.  Its

simplicity and effectiveness make Nafion passivation a powerful, fab-friendly

method  for  lifetime  metrology.  The  mechanism  of  Nafion  passivation  is

attributed to charge transfer at the Nafion / silicon interface, resulting in high
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density  of  surface  fixed  charges  and  strong  surface  band  bending.

Simulations  and  experiments  demonstrate  the  feasibility  of  near-ideal

passivation without modifying silicon dangling bonds. As a result, the process

is  simple  and robust,  with  minimal  process  variability.  In  the  future,  this

passivation concept can be extended to the use of  inorganic Lewis acids /

bases which represent a diverse and tunable chemical library within which

other  materials  for  stable  surface  and  contact  passivation  may  be

discovered.  Finally,  the  concept  should  also  be  applicable  to  other

semiconductors,  and  could  have  broader  scientific  and  practical  impact

beyond silicon solar cells. For example, our preliminary findings show that

Nafion  also  serves  as  an  ideal  passivation  layer  for  monolayer

semiconductors (Figure S9).

METHODS

Passivation of c-Si

The polymer acids, Nafion® perfluorinated resin solution (5 wt.% in lower

aliphatic alcohols and water, contains 15−20% water), Aquivion® D83-06A

dispersion  (6%  PFSA  in  lower  aliphatic  alcohols  and  water,  water  20%),

poly(4-styrenesulfonic  acid)  solution  (Mw ~75,000,  18  wt.%  in  H2O)  and

poly(acrylic  acid)  solution  (average  Mw ~100,000,  35  wt.%  in  H2O)  were

purchased from Sigma-Aldrich. 3MTM PFSA 800EW powder were provided by

3M Company and dissolved as 5 wt.% in the solution of ethanol: i-propanol:

water = 4:2:1. Nafion®, Aquivion® and 3MTM solutions were diluted to 1 wt.%
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by ethanol.  To keep a constant acid molarity,  poly(4-styrenesulfonic  acid)

and poly(acrylic  acid)  were diluted to  0.2  wt.% and 0.1  wt.% by ethanol

respectively. PMMA C2 was purchased from MicroChem Corporation. Samples

for lifetime measurements are prepared using (100), FZ, n-type (5×1015 cm-3,

4×1013 cm-3)  and  p-type  (1×1016 cm-3,  2×1015 cm-3)  c-Si  wafers.  Before

polymers coating, samples were subjected to a dilute HF (5% vol.)  dip to

remove native oxide. Subsequently, tested wafers were dipped in polymer

solutions (∼30 s) followed by N2 blow dry. All the aforementioned processes

were operated in ambient air. PCD measurements were conducted using a

Sinton  WCT  120  photoconductance  tester  in  the  transient  mode.  In  the

experiments  of  orientation  dependence,  polished  wafers  with  a  doping

concentration of 4.9×1015 cm-3 were tested. Textured wafers were chemically

etched in a solution of dilute KOH from the same batch of polished wafers.

On these reference samples, a stack of intrinsic and boron-doped amorphous

silicon was deposited via PECVD in an INDEOtec Octopus II reactor at 200 °C

after  standard RCA cleaning and dipping in  a dilute HF solution.  AFM for

Nafion removal  measurements  was conducted by a Dimension ICON AFM

(Bruker, Germany) under ambient conditions.

Device Fabrication and Characterization

Back-gated ultrathin body silicon field-effect transistors were fabricated on

a (100) SOI 200mm wafer with 12-nm-thick top silicon, 25-nm-thick buried

oxide and 500-μm-thick silicon handle wafer. Top silicon and handle wafer

silicon were both lightly doped by boron (p-), with a starting resistivity of 10
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to 30 Ω cm (0.45−1×1015 cm-3).  Source  and drain were then phosphorus

doped with the concentration of 1×1020 cm-3. After that, 20 nm Ni and 50 nm

W  were  sputtered  as  source  /  drain  contacts.  A  following  forming  gas

annealing at 350 oC for 5 min was processed for contact silicidation. 1 wt.%

Nafion  solution  was  dropped  on  front  open  side.  Transistor  ID–VG

characteristics  of  tested  devices  were  taken  using  an  Agilent  4155C

semiconductor parameter analyzer.

Photoluminescence (PL) Measurement

MoS2 and  WS2 monolayers  were  mechanically  exfoliated  on  SiO2/Si

substrates and identified by optical contrast and AFM. 5 wt.% Nafion solution

was dropped on tested monolayers and blown dry by N2. The PL quantum

yield was measured by a customized micro-PL instrument which is described

in detail in previous studies.31,  32 An Ar ion laser with a 514.5 nm line was

utilized as the excitation source. All the PL measurements were performed at

room temperature and in an ambient lab environment.

Simulations

Calculated τeff vs.  interface trap and fixed charge densities adopted the

model  by  Girisch  et  al.29 Following  parameters  are  used  for  simulation:

N(n)=3.8×1013 cm-3,  εSi=11.68 ε0,  σn=3×10-16 cm2,  σp=10-16 cm2,  thickness

t=625 μm and injection level Δn=1×1015 cm-3. The τeff vs. pKa curve in Fig. 4c

was calculated with the assumption of Dit=1012 cm-2 eV-1. 

Calculation  of  Qf vs.  pKa was  based on  principles  and estimations  from

textbooks and handbooks. Two assumptions were made: 1) all the polymers
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are  closed-packed  on  the  surface  as  an  ideal  crystallization  and  2)  the

amount of Lewis acid active sites is proportional to the amount of dissociated

acid groups. Since one acidic group is in one monomer for tested polymer

acids, the coverage density based on assumption 1 is determined by the size

of monomers S which can be roughly estimated by chemical bonds lengths

and  van  der  Waals  radius.  Assumption  2  was  further  defined  that  one

electron transferred at each active site to simplify the case. The amount of

dissociated acid groups n were calculated by following equation:

n=
α
S

In which

α=
−Ka+√K a

2
+4Ka c

2c
,∧c=

ρ
EW

where α is dissociation degree,  ρ and EW  are the density and equivalent

weight of specific polymers.
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Figure  1.  (a)  Schematic  illustration  of  the  passivation  procedure.  (b)

Chemical structures of four different polymers used in this study. (c)  eff vs.

injection level measured on lightly doped (3.8×1013 cm-3) n-type c-Si wafers

passivated by the four polymers. 
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Figure 2.  (a)  eff vs. injection level, and (b) air-exposed stability for Nafion

coated  c-Si  wafers  with  four  different  doping  types  and  concentrations.

Doping concentrations of n- and p-type wafers are labelled as N(n) and N(p),

respectively.
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Figure 3.  (a) Contour plot of calculated  eff vs. interface trap density and

fixed charge density,  in  which  47 ms is  assumed as  the  bulk  lifetime of

wafers for simulation. The dash line depicts the expected lifetime values for

Nafion passivation assuming Qf = 7×1013 cm-2. (b) Calculated energy band

diagrams of silicon surface with (bottom two panels) and without (top two

panels) Nafion passivation in dark (left panels) and under illumination (right

panels). 
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Figure  4.  (a)  Measured  eff of  Nafion  passivation  of  various  degrees  of

neutralization  by  Lewis  base  N,N’-dimethylaniline.  (b)  Calculated  fixed

charge density vs. pKa in which the upper limit Qf of four polymers are circled

by different colors. (c) Calculated eff as a function of pKa (orange line). The

measured eff for the four polymers are also shown (pink dots). The error bars

depict the variation in literature reported pKa and in lifetime measurements.

All  the results  are measured on lightly  doped (3.8×1013 cm-3)  n-type c-Si

wafers at the injection level of 1015 cm-3.
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