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cDepartment	  of	  Chemical	  Engineering,	  Rochester	  Institute	  of	  Technology,	  Rochester,	  NY	  14623,	  USA	  
	  
We	   report	   on	   the	   remarkable	   stability	   of	   unmodified,	   epitaxially	   grown	   GaAs	   photocathodes	  
during	   hydrogen	   evolution	   at	   -‐15	   mA/cm2	   in	   3M	   sulfuric	   acid	   electrolyte.	   Contrary	   to	   the	  
perception	   regarding	   instability	   of	   III-‐V	   photoelecetrodes,	   results	   here	   show	   virtually	   no	  
performance	  degradation	  and	  minimal	  etching	  after	  120	  hours.	  

Introduction	  
Established	   targets	   for	   solar-‐to-‐hydrogen	   (STH)	  efficiency,	   operating	   lifetime	   (stability),	   and	  absorber	  
cost	   must	   be	   met	   before	   progress	   can	   be	   made	   toward	   large-‐scale,	   commercially	   viable	  
photoelectrochemical	   (PEC)	   devices	   and	   systems	   that	   generate	   hydrogen	   (H2)	   fuel	   from	   sunlight	   and	  
water	  [1].	  PEC	  electrodes	  and	  devices	  based	  on	  III-‐Vs	  have	  demonstrated	  high	  performance	  enabled	  by	  
exceptional	   solid-‐state	   properties:	   direct	   bandgaps	   in	   the	   visible	   range,	   high	   absorption	   coefficients,	  
long	  carrier	  lifetimes,	  and	  high	  mobilities.	  Khaselev	  and	  Turner	  also	  identified	  the	  stability	  challenges	  of	  
semiconductors	  in	  PEC	  configurations	  that	  operate	  in	  contact	  with	  strongly	  acidic	  or	  basic	  electrolytes	  
[2],	   as	   necessary	   to	  minimize	   solution	   conductivity	   losses	   and	   pH	   gradient	   overpotential	   [3].	   GaAs	   is	  
frequently	   used	   as	   the	   substrate	   in	   III-‐V	   epitaxy	   and	   as	   one	   of	   the	   absorbers	   in	   multi-‐junction	  
photovoltaic	   (PV)	  devices.	   Its	  use	  as	  a	  substrate	  and	  bottom	  absorber	   in	  a	  monolithic,	  hybrid	  PV/PEC	  
tandem	  with	   a	   lattice-‐matched	   top	   GaInP2	   PEC	   junction	   achieved	   a	   record	   12.4%	   STH	   efficiency,	   but	  
with	  limited	  stability	  [2].	  A	  number	  of	  reports	  on	  the	  PEC	  stability	  of	  III-‐Vs	  exist	  [4][5][6][7],	  including	  
those	   specific	   to	   p-‐GaAs	   in	   acid	   [8][9],	   which	   has	   led	   to	   a	   perception	   that	   GaAs	   and	   other	   high-‐
performance	  photoelectrodes	  are	  generally	  unstable	   [10][11].	  We	  held	  a	   similar	  perception	   [12]	  until	  
recently	  re-‐evaluating	  the	  stability	  of	  unmodified,	  epitaxial	  p-‐GaAs	  used	  as	  control	  samples	  for	  our	  work	  
on	   protective	   surface	   modification	   of	   III-‐V	   photocathodes	   [13].	   Using	   a	   portfolio	   of	   photoelectrode	  
durability	  characterization	  techniques,	  we	  present	  a	  clear	  example	  showing	  that	  p-‐GaAs	  photocathodes	  
can	  have	  remarkable	  stability.	  
	  

Experimental	  
We	   performed	   PEC	   durability	   testing	   and	   characterized	   the	   photocathodes	   using	   microscopy,	  
profilometry,	   elemental	   analysis	   of	   testing	   electrolytes,	   and	   X-‐ray	   photoelectron	   spectroscopy	   (XPS)	  
measurements	  to	  evaluate	  the	  stability	  of	  p-‐GaAs.	  Two	  μm-‐thick	  epitaxial	  GaAs	  Zn-‐doped	  p-‐type	  to	  1017	  
cm-‐3	   were	   grown	   by	   organometallic	   vapor-‐phase	   epitaxy	   on	   3"-‐diameter	   degenerately	   p-‐doped	  
GaAs(100)	   substrate	   wafers	   4°	   offcut	   toward	   111B.	   Ohmic	   contacts	   were	   made	   to	   the	   back	   by	  
evaporating	  Ti/Au.	   The	  wafer	  was	   then	   cleaved	   into	  ~8x8-‐mm	  squares	   to	   be	  used	   as	   photocathodes.	  
PEC	  characterization	  and	  durability	  testing	  were	  performed	  in	  a	  custom	  compression	  cell	  (Figure	  S1)	  in	  
which	   a	   thin	  washer	  punched	   from	  Kalrez®	   (DuPontTM) sheet	   stock	  was	  used	   to	   create	   a	   seal	   to	   the	  
samples	  and	  define	  a	  0.185-‐cm2	  photoelectrode	  surface	  area.	  A	  spring-‐loaded	  Au-‐plated	  stainless-‐steel	  
plunger	  compressed	  the	  p-‐GaAs	  sample	  and	  washer	  onto	  an	  opening	  in	  the	  glass	  PEC	  cell	  body	  to	  create	  
a	   seal,	  while	   also	   serving	   as	   an	   electrical	   lead	   to	   the	   back	   contact.	  We	  performed	   the	  durability	   tests	  
using	  a	  compression	  cell	  because	  the	  easy	  disassembly	  facilitates	  post-‐durability	  analysis.	  The	  cell	  body	  
was	  filled	  with	  3M	  H2SO4	  with	  1	  mM	  Triton	  X-‐100	  (both	  OmniTrace®	  EMD	  Millipore)	  surfactant	  added	  
to	  expedite	  H2	  bubble	  evolution.	  Because	  surfactant	   improves	  stability	   [14],	  we	  compare	  p-‐GaAs	  to	  p-‐
GaInP2	  here	   and	   to	  p-‐InP	   from	  past	  work	   [13];	   all	   tested	   in	   the	   same	  electrolyte	   solution	  with	   added	  
surfactant.	   A	   1-‐cm	   x	   2.5-‐cm	   Pt	   foil	   counter	   electrode	   (anode)	   was	   contained	   in	   a	   glass	   tube	   with	   a	  
medium-‐porosity	  glass	   frit	  end	  that	  was	   inserted	   into	  a	  port	  on	  the	  PEC	  cell	  body.	  The	  glass	  tube	  was	  
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filled	  with	  the	  same	  3M	  H2SO4	  but	  without	  surfactant,	  a	  practice	  we	  found	  to	  mitigate	  counter	  electrode	  
fouling	   and	   solution	   yellowing	   previously	   observed	   by	   our	   group	   [13],	   presumably	   due	   to	   surfactant	  
degradation	  at	   the	   anode.	  We	  used	  a	  Hg/HgSO4	   reference	   electrode	   (MSE)	   from	  Koslow	  Scientific	  Co.	  
having	  a	  reference	  potential	  of	  0.634	  V	  vs.	  normal	  hydrogen	  electrode	  (NHE).	   Its	   filling	  solution	  being	  
the	   same	   as	   the	   electrolyte	   (3M	   H2SO4)	   eliminates	   concentration	   gradients	   that	   would	   cause	   the	  
reference	  potential	  to	  drift	  over	  long-‐term	  testing.	  We	  note	  that	  stability	  testing	  was	  also	  performed	  in	  a	  
variety	  of	  configurations:	  epoxy-‐mounted	  electrodes	  [12]	  instead	  of	  a	  compression	  cell,	  without	  a	  glass	  
frit	  separating	  the	  photocathode	  from	  the	  counter	  electrode,	  and	  with	  Zonyl	  FSN-‐100	  fluorosurfactant	  
instead	   of	   Triton	   X-‐100—all	   with	   excellent	   results—showing	   that	   stability	   is	   independent	   of	   these	  
testing	  conditions.	  The	  illumination	  source	  was	  a	  250-‐W	  quartz	  tungsten	  halogen	  lamp	  with	  water	  filter	  
and	   light-‐shaping	   diffuser	   (Newport)	  with	   intensity	   set	   to	  match	   the	   current	   from	   a	   Si	   reference	   cell	  
calibrated	   to	   an	   AM1.5G	   spectrum.	   The	   p-‐GaAs	   durability	   testing	   was	   performed	   at	   a	   constant	   -‐15	  
mA/cm2	   current	  while	   continuously	  monitoring	   the	  working	   electrode's	   potential	   vs.	  MSE.	   Chopped-‐
light	   current-‐voltage	   (CLIV)	  measurements	  were	   taken	   before	   and	   after	   each	   durability	   test	  with	   the	  
voltage	   scanned	   at	   20	   mV/s	   while	   blocking/unblocking	   the	   light	   source	   at	   0.1-‐V	   intervals.	   The	  
electrolyte	  analyzed	  for	  dissolved	  Ga	  and	  As	  by	  inductively	  coupled	  plasma	  mass	  spectrometry	  (ICP-‐MS)	  
and	   the	  quantity	  detected	   (in	  ppb)	  was	   converted	   to	  nanomoles.	  The	   surface	  profiles	  were	  measured	  
with	  both	  optical	  (Veeco)	  and	  stylus	  (Dektak	  8	  with	  5-‐μm	  tip)	  profilometry	  and	  the	  surface	  morphology	  
was	   examined	   with	   a	   JEOL	   JSM-‐7000F	   scanning	   electron	   microscope	   (SEM)	   equipped	   with	   energy-‐
dispersive	  X-‐ray	  spectroscopy	  (EDS).	  
	  

Results	  
We	   performed	   baseline	   chemical	   stability	   testing	   of	   p-‐GaAs	   in	   the	   dark	   at	   open	   circuit	   for	   96	   hours.	  
Stereomicroscopy	   showed	   a	   pristine	   surface	   and	   profilometry	   showed	   negligible	   etching	   (Figure	   S2).	  
The	  lack	  of	  etching	  is	  unexpectedly	  different	  than	  the	  statement	  by	  Walczak	  et	  al.	  that	  high-‐performance	  
photolectrodes	  such	  as	  GaAs	  would	  dissolve	  quickly	  in	  electrolyte	  solution	  near	  pH	  0	  [11].	  This	  intrinsic	  
chemical	  stability	  is	  important	  to	  survive	  the	  diurnal	  cycle	  of	  solar	  radiation	  and	  demonstrates	  that	  the	  
corrosion	   resistance	   is	   not	   exclusively	   due	   to	   cathodic	   protection	   [15]	   [16].	   Figure	   1a	   shows	   CLIVs	  
performed	  before	  durability	   testing	   that	  have	  a	   light-‐limited	  photocurrent	   (LLPC)	  of	   -‐22	  mA/cm2	  and	  
photocurrent	  onset	  potential	  of	   -‐0.7	  V	  vs.	  MSE.	  After	  durability	   tests	   lasting	  72	  and	  120	  h,	   the	  p-‐GaAs	  
shows	  a	  slight	  cathodic	  shift	  in	  photocurrent	  onset	  potential,	  but	  also	  a	  slight	  increase	  in	  fill	  factor	  due	  
to	   the	  steeper	   rise	   in	  photocurrent.	  This	   compares	   to	  a	  p-‐GaInP2	  photocathode	  before	   (0	  h)	  and	  after	  
just	   a	   1	   h	   durability	   test	   at	   -‐10	  mA/cm2,	   which	   showed	   a	   large	   cathodic	   shift	   in	   photocurrent	   onset	  
potential	  (-‐400	  mV)	  and	  a	  2–3	  mA/cm2	  decrease	  in	  LLPC.	  The	  small	  increase	  in	  p-‐GaAs	  current	  density	  
at	   72	   and	   120	   h	   is,	   in	   part,	   due	   to	   a	   small	   amount	   of	   dark	   current	   (1–2	   mA/cm2),	   but	   also	   due	   to	  
increased	   light	   absorption	  discussed	   later.	  After	   letting	   the	   sample	   tested	   for	  120	  h	   sit	   in	   the	  dark	   in	  
electrolyte	   at	   open	   circuit	   for	   0.5	   h,	   the	  dark	   current	  was	   reduced	   and	   the	   LLPC	   closely	  matched	   the	  
CLIV	  taken	  before	  durability	  testing	  (0	  h).	  Figure	  1b	  shows	  the	  potential	  of	   the	  p-‐GaAs	  photocathodes	  
monitored	  vs.	  MSE	  throughout	  galvanostatic	  durability	  testing	  at	  -‐15	  mA/cm2.	  The	  p-‐GaAs	  starts	  out	  at	  -‐
0.9	  V	  vs.	  MSE,	  matching	  the	  operation	  point	  of	  the	  CLIV	  in	  Figure	  1a,	  and	  then	  became	  50–100	  mV	  more	  
positive	  during	  the	  first	  1–2	  hours	  before	  increasing	  in	  magnitude	  and	  stabilizing	  around	  -‐1	  V	  vs.	  MSE	  
over	   the	   next	   10	   hours.	   The	   24	   h	   and	   96	   h	   runs	   were	   stopped	   and	   restarted	   at	   18	   h	   and	   72	   h,	  
respectively,	   as	   indicated	  by	   the	   '#'	  marker.	  Upon	  restarting	  after	   less	   than	  one	  minute	   rest	   time,	   the	  
operating	  potentials	  recovered	  to	  their	   initial	   -‐0.9	  V	  vs.	  MSE	  operating	  point	  and	  again	   improved	  ~50	  
mV	  over	  the	  next	  hour	  before	  slowly	  increasing	  in	  magnitude	  over	  the	  next	  few	  hours.	  
	  

The	  sample	  tested	  for	  120	  hours	  was	  photographed	  with	  a	  stereomicroscope,	  characterized	  with	  optical	  
and	  stylus	  profilometry,	  and	  examined	  with	  SEM	  (Figure	  2).	  Figure	  2a	  shows	  a	  stereoscope	  image	  of	  the	  
p-‐GaAs	  with	  the	  active	  photocathode	  area	  encircled	  by	  a	  black	  dotted	  line.	  The	  perimeter	  that	  was	  under	  
or	   outside	   of	   the	  washer	   during	   testing	   is	   specular;	   whereas	   the	  majority	   of	   the	   active	   region	   has	   a	  
darker,	   slightly	   brown	   appearance	   except	   at	   the	   top,	   where	   a	   lip	   created	   by	   the	   washer	   would	  
accumulate	   some	   H2	   bubbles.	   Optical	   profilometry	   (Figure	   2b)	   was	   taken	   with	   the	   reference	   height	  
established	  by	  the	  unexposed	  perimeter	  (green),	  and	  it	  showed	  minimal	  etching	  throughout	  the	  lower	  
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two-‐thirds	   of	   the	   active	   region	   and	   some	   etching	   in	   the	   upper	   right,	   perhaps	   due	   to	   higher	   current	  
densities	   associated	   with	   its	   proximity	   to	   the	   counter	   electrode.	   Etch	   profiles	   were	   confirmed	   with	  
stylus	   profilometry	   (Figure	   2c)	   scanned	   from	   the	   perimeter	   into	   the	   active	   region	   at	   the	   locations	  
indicated	  by	  letters	  A–G	  in	  Figure	  2b.	  The	  etch	  depths	  ranged	  from	  5–45	  nm	  and	  revealed	  a	  texture	  with	  
amplitude	   5–15	   nm	   in	   the	   active	   region.	   This	   etch	   rate	   (<0.5	   nm/h)	   for	   p-‐GaAs	   is	   remarkably	   low	  
compared	  to	  the	  etch	  rate	  of	  unmodified	  p-‐GaInP2	  at	  -‐10	  mA/cm2	  (40–80	  nm/h)	  and	  unmodified	  p-‐InP	  
at	   -‐25	  mA/cm2	  (170	   nm/h)	  where	   1–2	   μm	   for	   p-‐GaInP2	   [17]	   and	   4	   μm	   of	   p-‐InP	   [13]	   were	   removed	  
within	  24	  h.	  An	  etch	  rate	  two	  orders	  of	  magnitude	  lower	  than	  other	  unmodified	  III-‐Vs	  is	  significant.	  The	  
darker	   appearance	   of	   the	   p-‐GaAs	   region	   exposed	   to	   electrolyte	   (Figure	   2a)	   and	   texturing	   (Figure	   2c)	  
suggest	   the	  presence	  of	   antireflective	  properties,	  which	   corroborates	  with	   the	  higher	  LLPC	  measured	  
after	  durability	  testing	  (Figure	  1a).	  The	  larger	  texture	  in	  the	  region	  that	  was	  underneath	  the	  washer	  was	  
determined	   by	   EDS	   to	   be	   carbon	   particles,	   likely	   residue	   of	   carbon	   black	   which	   is	   a	   filler	   used	   in	  
perfluoroelastomers	   such	   as	   Kalrez®.	   The	   texturing	   within	   the	   active	   region	   appears	   to	   correspond	  
with	   a	   dispersion	   of	   particles	   (bright	   dots)	   observed	   with	   SEM	   (Figure	   2d).	   Although	   not	   surface	  
sensitive,	  EDS	  indicated	  that	  the	  active	  region	  is	  ~2	  at.	  %	  points	  more	  As-‐rich	  compared	  to	  the	  50:50	  at.	  
%	  GaAs	  stoichiometry	  of	  the	  area	  outside	  of	  the	  washer.	  
	  
To	  evaluate	  the	  surface	  composition,	  XPS	  was	  used	  to	  characterize	  p-‐GaAs	  surfaces	  after	  1,	  24,	  and	  96	  h	  
(Figure	  1b)	  of	  durability	  testing.	  After	  PEC	  testing,	  samples	  were	  extracted	  from	  the	  PEC	  cell	   in	  an	  Ar-‐
filled	   glove	   box	   to	   eliminate	   exposure	   to	   air.	   XPS	   was	   performed	   using	   a	   Physical	   Electronics	   5600	  
photoelectron	  spectrometer	  with	  monochromatic	  Al	  Kα	  excitation	  (pressure	  <	  2×10-‐10	  torr).	  Multipoint	  
binding-energy calibration followed M.P. Seah for Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 peak centriods [18]. Pass	  
energy	   was	   11.75	   eV.	   Compositions	   were	   calculated	   using	   Multipak	   software	   values.	   Two	   baseline	  
samples	  were	  included	  for	  comparison.	  The	  first	  sampled,	  labeled	  "solvent	  wash"	  in	  Figure	  3,	  was	  rinsed	  
with	  acetone,	  methanol,	  and	  then	  submerged	  in	  Ar-‐sparged	  deionized	  (DI)	  water	  before	  transferring	  to	  
ultra-‐high	  vacuum	  (UHV).	  The	  second	  sample	  was	  similarly	  cleaned	  and	  then	  soaked	  for	  1	  h	  in	  the	  PEC	  
electrolyte	  before	  rinsing	  and	  transferring	  to	  UHV.	  XPS	  spectra	  for	  As	  2p3/2	  (Figure	  3),	  Ga	  2p3/2,	  and	  O	  1s	  
(Figure	   S4)	   regions	   were	   analysed	   to	   develop	   an	   understanding	   of	   the	   changes	   induced	   under	   PEC	  
conditions.	  Figure	  3	  shows	  the	  As	  2p3/2	  spectral	  region	  deconvoluted	  with	  Gauss-‐Lorentz	  (80/20)	  and	  
Shirley	   background	   model	   fits.	   Residuals	   are	   also	   shown.	   The	   high	   binding-‐energy	   (BE)	   core	   level	  
regions	  were	  chosen	  for	  enhanced	  surface	  sensitivity	  because	  the	  photoelectrons	  detected	  from	  the	  Ga	  
2p3/2	  and	  As	  2p3/2	  are	  emitted	  from	  the	  top	  0.8–1.2	  nm	  [19].	  A	  summary	  of	  the	  modeled	  composition	  is	  
reported	   in	  Table	  S1.	  Peak	  positions	  were	  restricted	  to	  within	  ±0.1	  eV	  while	  simultaneously	   fitting	  all	  
the	  spectra.	  Following	  literature,	  the	  As	  2p3/2	  spectra	  (Figure	  3)	  were	  fit	  with	  five	  peaks	  including	  lattice	  
As	  (1322.7	  eV),	  As0	  (1323.7	  eV),	  As2O3	  (1325.8	  eV),	  and	  a	  mixed	  oxide	  (1327.2	  eV)	  whereas	  the	  As	  2p3/2	  
peak	   (1321.3	   eV)	  was	   tentatively	   assigned	   to	  As	  dimers	   (1321.3	   eV)	   following	   similar	  As	   3d	   spectral	  
features.	  Mixed	  oxides	  observed	  for	  Ga	  2p3/2	  peak	  (1118.7	  eV)	  and	  As	  2p3/2	  peak	  (1327.2	  eV)	  spectra	  are	  
native	  oxides	  formed	  while	  exposed	  to	  air	  [20].	  
	  

Discussion	  
The	   evolution	   of	   the	   observed	   surface	   species	   and	   their	   electrochemical	   stability	   under	   the	   p-‐GaAs	  
photocathode	   operating	   conditions	   can	   provide	   insight	   into	   the	   stabilization	   mechanism.	   Pourbaix	  
provides	   pH-‐potential	   diagrams	   for	   Ga	   and	   As	   in	   contact	   with	   electrolyte	   [21].	   For	   a	   pH	   =	   -‐0.5	   (3M	  
sulfuric	   acid),	   the	   thermodynamically	   preferred	   state	   of	   Ga	   is	   aqueous	   Ga3+	   ions	   for	   potentials	  more	  
positive	  than	  ca.	  -‐0.6	  V	  vs.	  NHE	  (all	  subsequent	  potentials	  are	  vs.	  NHE	  unless	  otherwise	  stated),	  whereas	  
atomic	  Ga	  is	  favored	  at	  more	  negative	  potentials.	  For	  As,	  the	  stable	  and	  insoluble	  species	  at	  pH	  =-‐0.5	  are	  
As2O3	  for	  potentials	  0.2	  to	  0.6	  V	  and	  As	  for	  -‐0.5	  to	  0.2	  V.	  From	  our	  observation	  of	  negligible	  etching	  after	  
96	  h	  at	  open-‐circuit	  potential	  (OCP),	  we	  can	  conclude	  that	  the	  surface	  potential	  at	  OCP	  is	  within	  one	  of	  
these	  stable	  ranges.	  Furthermore,	  the	  surface	  potential	  at	  OCP	  must	  be	  within	  the	  water-‐splitting	  half-‐
reaction	  potentials	   (0–1.23	  V),	  which	  means	   that	   the	   stable	  Ga	  and	  As	   species	  are	  dissolved	  Ga3+	   and	  
either	   As2O3	   or	   As.	   In	   agreement,	   we	   observed	   that	   the	   native	   mixed	   oxide	   (potentially	   including	  
GaAsO4,	  Ga2O5,	  As2O5,	  and	  others)	  is	  removed	  by	  soaking	  in	  electrolyte	  for	  just	  one	  hour,	  leaving	  As	  and	  
As2O3	  as	  the	  likely	  candidates	  for	  p-‐GaAs	  etch	  resistance	  at	  OCP	  (Figure	  3a,b).	  
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During	  H2	  evolution,	  the	  surface	  potential	  is	  more	  negative	  than	  the	  hydrogen	  evolution	  reaction	  (HER)	  
potential,	  but	  the	  potential	  at	  which	  electrons	  reach	  the	  electrolyte	  or	  conduction-‐band	  position	  is	  not	  
known	   precisely	   due	   to	   the	   possibility	   of	   Fermi-‐level	   pinning/unpinning	   [22][23]	   or	   band-‐edge	  
migration	   [24].	   The	   operating	   pH	   is	   -‐0.5,	   but	   now	  may	   be	   slightly	  more	   positive	   in	   the	   near-‐surface	  
region	   as	   protons	   are	   consumed	   at	   -‐15	  mA/cm2.	   However,	   the	   high	   3M	   bulk	   acid	   concentration	   and	  
vigorous	  stirring	  of	  copious	  H2	  bubbling	  at	   the	  surface	   limit	  significant	  deviation	  [25].	   If	  we	  assume	  a	  
kinetic	  overpotential	  for	  H2	  evolution	  of	  less	  than	  0.5	  V	  on	  p-‐GaAs,	  the	  surface	  potential	  is	  within	  -‐0.5	  V	  
of	  the	  HER.	  Here,	  Pourbaix	  diagrams	  suggest	  that	  As,	  but	  not	  As2O3,	  is	  stable	  under	  H2	  evolution,	  which	  
agrees	  with	   the	   relative	   increase	   of	   As	   over	  As2O3	   in	   the	   samples	   that	  were	   durability	   tested	   for	   1	   h	  
(Figure	  3c)	  and	  24	  h	  (Figure	  3d)	  compared	  to	  the	  sample	  soaked	  in	  electrolyte	  at	  OCP	  for	  1	  h	  (Figure	  
3b).	  At	  OCP,	  Ga	  will	  dissolve	  as	  Ga3+,	  leaving	  As	  the	  more	  likely	  surface-‐stabilizing	  species.	  We	  note	  that	  
if	  the	  surface	  potential	  is	  more	  negative	  than	  -‐0.5	  V,	  Ga	  and	  AsH3	  are	  the	  preferred	  species.	  Practically,	  
such	   a	   large	   operating	   potential	   above	   HER	   is	   unsuitable	   because	   of	   the	   voltage	   loss	   of	   the	   excess	  
overpotential.	   Photocathodes	   modified	   with	   attached	   Pt	   catalysts	   may	   have	   <	   100	   mV	   overpotential	  
[26][27];	   but	   full	   discussion	   of	   the	   intrinsic	   stability	   of	   unmodified	   p-‐GaAs	   includes	   consideration	   of	  
high	   overpotential.	   Here,	   Pourbaix	   suggests	   that	   Ga	   rather	   than	   As	   could	   passivate	   the	   surface,	   and	  
previously	  dissolved	  Ga3+	   in	   solution	  could	  be	   reduced	   to	  Ga	  on	   the	  photoelectrode	  surface.	  Park	  and	  
Barber's	  thermodynamic	  analysis	  of	  GaAs	  gives	  a	  narrow	  potential	  range	  for	  the	  stability	  of	  As,	  making	  
this	  a	  more	  likely	  explanation	  for	  GaAs	  stability	  according	  to	  their	  analysis.	  However,	  As	  and	  As2O3	  on	  
GaAs	  is	  a	  common	  experimental	  observation	  after	  etching	  in	  acid	  [28][29][30].	  Our	  quantification	  of	  Ga	  
and	  As	   in	   solution	   (Figure	  2e)	   shows	  2:1	   and	  1:2	  Ga:As	   ratios	   for	   the	   shortest	   and	   longest	   durability	  
testing	   times,	   respectively.	   This	   supports	   a	  model	  where	   excess	  As	   stabilizes	   the	   surface	   initially	   and	  
some	   Ga3+	   in	   solution	   is	   redeposited	   after	   120	   hours.	   However,	   a	   systematic	   trend	   connecting	   these	  
endpoints	   though	   the	   intermediate	   durability	   testing	   times	   is	   not	   yet	   clear.	   A	   change	   in	   surface	  
stoichiometry	   would	   imply	   that	   selective	   corrosion	   contributes	   to	   photocurrent	   if	   occurring	   as	  
electrochemical	  reduction.	  We	  calculate	   that	  a	  50	  nm	  etch	  depth	  amounts	   to	  2.2x1017	  atoms	  removed	  
(GaAs	  atomic	  density	  4.4x1022	  cm-‐3	   [31])	   that	  contribute	  3	  electrons	  each	   to	  supply	  a	   total	  of	  0.020	  C	  
toward	   corrosion	   reactions.	  During	   the	   120	   hr	   durability	   test	   at	   -‐15	  mA/cm2,	   a	   total	   of	   1,200	   C	   pass	  
through	   the	  0.185-‐cm2	  photoelectrode.	  Therefore,	   the	   fraction	  of	   corrosion	  current	   is	  negligible	  at	  17	  
parts	  per	  million	  of	  the	  photocurrent.	  
	  
The	  stable	  species	  at	  OCP	  are	  relevant	  because	  the	  p-‐GaAs	  photoelectrode	  returns	  to	  OCP	  upon	  stopping	  
the	   durability	   test.	   The	   electrode	   potential	   reverts	   to	   its	   original	   potential	   upon	   simply	   pausing	   and	  
restarting	  the	  durability	  test	  (indicated	  by	  '#'	  in	  Figure	  1b).	  We	  previously	  noted	  that	  As2O3	  should	  not	  
form	  during	  hydrogen	  evolution	  but	  that	  As	  can	  convert	  to	  As2O3	  after	  stopping	  the	  durability	  test,	  both	  
of	  which	  we	  detect	  with	  XPS.	  This	  is	  supported	  by	  a	  brown	  appearance	  of	  the	  surface	  (Figure	  1a)	  that	  
Smeenk	  et	  al.	  also	  characterized	  as	  predominantly	  elemental	  As	  with	  a	  small	  signal	  from	  As2O3.	  We	  also	  
consistently	  detected	  Ga2O3	  in	  all	  samples,	  which,	  in	  contrast	  to	  As	  and	  As2O3,	  the	  Pourbaix	  diagram	  for	  
Ga	  shows	  that	  Ga2O3	  is	  only	  stable	  at	  more	  neutral	  pH	  values.	  The	  Ga2O3	  we	  observe	  may	  have	  formed	  
from	  As2O3	  reacting	  with	  GaAs	  to	  form	  Ga2O3	  and	  elemental	  As,	  which	  are	  stable	  phases	  in	  contact	  with	  
GaAs	  [29].	  If	  the	  Ga2O3	  formed	  during	  operation,	  it	  is	  plausible	  that	  it	  is	  also	  protected,	  like	  GaAs,	  by	  the	  
As	  overlayer.	  Alternatively,	  the	  gallium	  oxide	  may	  have	  also	  formed	  during	  the	  pH	  shift	  of	  the	  DI	  water	  
rinse,	   as	   observed	   by	   Vilar	   et	   al.	   [29].	   The	   likelihood	   of	   oxidation	   at	   OCP	   combined	   with	   surface	  
roughness	  for	  long	  durability	  testing	  time	  (Figure	  2a–d)	  explain	  the	  increased	  amount	  of	  As2O3	  (Figure	  
3e)	  and	  Ga2O3	  (Figure	  S4e)	  relative	  to	  As	  and	  Ga,	  respectively,	  detected	  after	  96	  hours.	  
	  
The	  surface-‐stabilizing	  candidates	  of	  As2O3	  and	  As	  were	  identified	  for	  p-‐GaAs	  in	  pH	  =	  -‐0.5	  at	  OCP.	  Under	  
H2	   evolution,	   As	   is	   a	  more	   likely	   candidate,	   but	  we	   noted	   that	   Ga	   rather	   than	   As	   is	   stable	   at	   surface	  
potentials	  more	  negative	  than	  ca.	  -‐0.5	  V.	  We	  discussed	  the	  likelihood	  that	  species	  detected	  that	  are	  not	  
expected	  to	  be	  stable	  during	  operation	  (Ga2O3	  and	  As2O3)	  formed	  after	  stopping	  the	  durability	  testing.	  	  
	   	  
The	   observed	   stability	   of	   GaAs	   is	   remarkable	   and	   in	   strong	   contrast	   to	  GaInP2	   and	   InP.	   Although	   the	  
Pourbaix	  diagrams	   for	  Ga	  and	   In	  are	   similar,	  As	   contrasts	  with	   that	  of	  P	  where	  P	   is	   expected	   to	   form	  
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soluble	   phosphates	   or	   phosphites.	   When	   excess	   As	   is	   left	   at	   the	   GaAs|electrolyte	   interface,	   the	  
photoelectrochemical	   junction	   may	   be	   better	   represented	   by	   a	   GaAs|As	   Schottky	   model.	   Here,	   the	  
junction-‐forming	   layers	  responsible	   for	  photovoltage	  reside	   in	   the	  solid	  state.	  The	  GaAs|As|electrolyte	  
multilayer	   structure	   affords	   stable	   performance	   while	   the	   As	   overlayer	   is	   thin	   enough	   to	   be	   highly	  
transparent,	   thus	   maintaining	   high	   photocurrents.	   We	   note	   it	   is	   important	   that	   As	   has	   a	   low	   work	  
function	   (3.75	  eV	   [32])	  necessary	   to	  maintain	  a	  Schottky	   junction	   to	  p-‐GaAs,	   rather	   than	  a	  high	  work	  
function	  that	  could	  cause	  an	  Ohmic	  contact	  and	   loss	  of	  photovoltage.	  We	  note	  that	  an	  electrochemical	  
stability	  regime	  similar	  to	  that	  of	  As	  also	  exists	  for	  Sb	  and	  Bi	  in	  column	  V	  below	  As,	  but	  not	  for	  P	  and	  N	  
above.	  III-‐V	  arsenide	  and	  the	  less	  studied	  III-‐V	  antimonide	  and	  bismide	  photocathodes	  warrant	  further	  
investigation.	  	  
	  
Although	   not	   explored	   here,	   impurities	   and	   crystal	   defects	   can	   enhance	   etch	   rates	   [33]–[36];	   thus,	  
variation	  in	  material	  quality	  could	  be	  responsible	  for	  the	  discrepancy	  among	  reports	  on	  the	  stability	  of	  
GaAs.	  In	  going	  beyond	  the	  GaInP2/GaAs	  tandems	  that	  have	  demonstrated	  12.4%	  STH,	  lower	  bottom	  and	  
top	  absorber	  bandgaps	  are	  necessary	   [37],	  which	  will	   lead	   into	  exploration	  of	  other	   III-‐V	   ternary	  and	  
quaternary	   alloys	   that	   incorporate	   GaAs	   (e.g.,	   GaInAsP,	   InGaAs)	   and	   could	   also	   be	   stable.	  We	   do	   not	  
expect	   intrinsic	   stability	   to	   alleviate	   the	   need	   for	   stabilizing	   photoelectrode	   surfaces	   with	   catalysts	  
and/or	   coatings.	  However,	   high-‐performance	  photoelectrodes	   that	   exhibit	   intrinsic	  stability	   should	   be	  
more	   robust	   templates	   for	   achieving	   the	  multi-‐year	   operational	   lifetimes	   necessary	   for	   commercially	  
viable	  PEC	  devices.	  

Conclusions	  
We	   characterized	   unmodified,	   p-‐GaAs	   photocathodes	   during	   hydrogen	   evolution	   in	   acidic	   electrolyte	  
and	   found	   them	   to	   be	   remarkably	   stable—having	   two	   orders	   of	   magnitude	   slower	   etch	   rate	   than	  
unmodified	   p-‐GaInP2	   and	   p-‐InP.	   This	   new	   finding	   among	  PEC	   corrosion	   studies	   is	   contrary	   to	   earlier	  
reports	   and	   popular	   perception	   in	   the	   field	   toward	   universal	   instability	   of	   III-‐V	   high-‐performance	  
photocathodes.	  We	  discussed	  a	  set	  of	  candidate	  species	  detected	  with	  XPS	  after	  durability	  testing	  that	  
could	  contribute	  to	  stabilizing	  the	  p-‐GaAs/electrolyte	  interface.	  Analysis	  supports	  that	  this	  remarkable	  
corrosion	  resistance	  likely	  results	  from	  the	  formation	  of	  elemental	  As	  during	  PEC	  conditions.	  
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Fig.	   1	   (a)	   CLIV	   characterization	   of	   p-‐GaAs	   photocathodes	   before	   (0	   hr,	   black	   dots),	   after	   72	   hr	   (green	  
triangles),	  and	  120	  hr	  (red	  squares)	  galvanostatic	  durability	  testing	  at	  -‐15	  mA/cm2.	  The	  120	  hr	  sample	  was	  
measured	   again	   after	   0.5	   hr	   at	   open	   circuit	   in	   the	   dark	   (blue	  diamonds).	   This	   is	   compared	   to	   a	   p-‐GaInP2	  
photocathode	   before	   (0	   hr)	   and	   after	   1	   hr	   durability	   testing.	   The	   "Light"	   and	   "Dark"	   labels	   indicate,	  
respectively,	   the	   current	  measured	   under	   illumination	   and	  with	   the	   illumination	   blocked.	   (b)	   The	  p-‐GaAs	  
potential	  monitored	   vs.	  MSE	  during	  durability	   testing	   for	   separate	  of	   samples	   tested	   for	   1	  hr	   (red),	  24	  hr	  
(blue),	  and	  96	  hr	   (green).	   The	  durability	   tests	  paused	  at	  OCP	   and	  restarted	  are	   indicated	  at	   "#".	  The	   inset	  
shows	  the	  first	  hour	  of	  testing	  compared	  to	  p-‐GaInP2	  (black).	  

	   	  
Fig.	   2	   (a)	   Stereoscope	   image	   after	   120	   hr	   testing	   with	   active	   region	   encircled	   by	   black	   dashed	   line.	   (b)	  
Optical	   profilometry	   with	   height	   scale	   from	   -‐100	   nm	   (dark	   blue)	   to	   +100	   nm	   (dark	   red).	   (c)	   Stylus	  
profilometry	  scans	  in	  the	  locations/directions	  indicated	  by	  letters	  A-‐G	  and	  arrows	  on	  (b).	  (d)	  SEM	  image	  of	  
the	   active	   region	   at	   the	   location	   indicated	   with	   a	   black	   square	   in	   (a).	   (e)	   Quantification	   by	   ICP-‐MS	   in	  
nanomoles	  (nmol)	  of	  Ga	  and	  As	  in	  the	  electrolyte	  after	  durability	  testing.	  
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Fig.	  3	  XPS	  spectra	  of	  the	  As	  2p3/2	  core	  level	  is	  shown	  with	  the	  deconvoluted	  peak	  assignments.	  The	  two	  
baseline	  samples	  were	  (a)	  solvent	  washed	  and	  (b)	  soaked	   in	  electrolyte	   for	  1	  hr.	  Three	  samples	  were	  
durability	  tested	  for	  (c)	  1	  hr,	  (d)	  24	  hr,	  and	  (e)	  96	  hr	  before	  XPS	  measurements.	  
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