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 Direct writing processes have the 
advantage of localized deposition, reduced 
number of process steps, and greater fl ex-
ibility. Focused electron beam–induced 
deposition (FEBID) and focused ion 
beam–induced deposition (FIBID) are 
two prominent methods for localized 
metal deposition, where a precursor gas 
is adsorbed onto a substrate and subse-
quently decomposed by a charged par-
ticle beam. The vacuum chamber must 
be fi tted with an insertion needle in order 
to introduce the gaseous precursors into 
the chamber close to the deposition area. 
Since precursors must have a suffi cient 
vapor pressure to fl ow into the chamber, 
selection of the appropriate material can 
be challenging and precursors are often 
organometallics such as metal carbonyls 
or halogenophosphines. [ 19 ]  A review by 
Botman highlights the diffi culty in depos-

iting pure metals, with deposited material consisting of small 
metal clusters in an amorphous carbon matrix. [ 20 ]  Even more 
challenging is the lack of volatile precursor compound for 
silver. 

 An alternative to gas phase deposition is to inject a liquid 
silver precursor directly onto the substrate in a vacuum 
chamber. Bresin produced aqueous silver nitrate at low pressure 
both through hydration of solid precursor particles and with 
direct droplet injection. [ 21 ]  While these techniques produced 
silver traces down to 70 nm in width, beam scattering caused 
by penetration through the liquid layer limited patterning to the 
small area where the liquid layer is thinnest. Even with the use 
of surfactants to produce a small contact angle, high-resolution 
patterning is limited to the few micrometers around the perim-
eter of the droplet. Ocola has demonstrated similar deposition 
from aqueous silver nitrate using a thin polyimide membrane 
to contain the liquid. Though this confi guration allows fl ex-
ibility in the location for direct writing of silver, the technique 
resulted in granular silver traces with signifi cant nonspecifi c 
deposition. [ 22 ]  Both of these techniques for producing a liquid 
precursor within a vacuum environment signifi cantly increase 
the complexity of the process, while achieving modest success. 

 In contrast to both gaseous and liquid based precursors for 
direct writing of silver nanostructures, this work investigates 
an all-solid-state writing process that uses a solid-state ioni-
cally conductive substrate to supply silver by electrochemical 
extraction. Several silver compounds are known to have high 
room temperature ionic conductivity, most notably RbAg 4 I 5 . [ 23 ]  
However, the rapid decomposition of the material in the 
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  1.     Introduction 

 Silver nanoparticles display strong coupling in the visible spec-
trum due to the metal's high conductivity and bulk plasmon 
frequency in the ultraviolet. [ 1 ]  Glasses containing silver have 
long been produced with the plasmonic resonance of silver 
nanoparticles imparting a yellow tint. [ 2 ]  Silver plates, octa-
hedra, cubes, and stars can all be made in solution synthesis 
techniques such that they absorb light throughout the visible 
spectrum. [ 3–5 ]  These bottom-up approaches show remarkable 
control over particle size, but suspensions of these particles 
are diffi cult to deposit precisely on a surface, where interpar-
ticle interactions affect plasmonic resonance. In contrast, top-
down silver fi lm patterning techniques such as nanosphere 
lithography, microcontact printing, and solid-state superionic 
stamping allow for control of large arrays of particles in applica-
tions as transparent conductors and for light trapping in photo-
voltaics. [ 6–12 ]  Moreover, silver substrates with a wide variety of 
colors have also been demonstrated in fi lms with focused ion 
beam (FIB) milled holes and slits. [ 13,14 ]  In addition to color fi l-
tering applications, silver structures have a wide variety of uses 
including plasmonic trapping, surface enhanced Raman spec-
troscopy (SERS), and plasmonic focusing. [ 15–18 ]  
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presence of moisture makes its use as a substrate material 
impractical. Several silver oxyacid based compounds of the 
form AgI  x  (Ag  y  MO  z  ) 1− x   where M = P, As, Se, Te, Cr, Mo, and 
W have been found to be ionic conductors and are signifi -
cantly less reactive to moisture compared to RbAg 4 I 5 . [ 24–29 ]  In 
particular, the structure and tunability of the glass transition, 
activation energy, and ionic conductivity of (AgI)  x  (AgPO 3 ) 1− x   
glass mixtures have been well studied due to the wide trans-
parent glass forming region from  x  = 0 to 0.6. [ 12,24,30 ]  Addition 
of AgI to AgPO 3  increases the ionic conductivity from 4.2 × 
10 −6  S cm −1  for AgPO 3  to 3.2 × 10 −2  S cm −1  for AgIAgPO 3  while 
both the glasses remain electrical insulators. [ 31 ]  In this work, 
the superionic conductor AgIAgPO 3  was chosen to demon-
strate the effi cacy of an electron beam to extract silver from an 
ionically conductive substrate. To highlight the importance of 
ionic conduction to the process, the much less conductive glass 
AgPO 3 , which is structurally similar to AgIAgPO 3 , was also 
characterized. (See the Supporting Information for additional 
background information on the (AgI)  x  (AgPO 3 ) 1− x   system.) The 
process presented results in modifi cation of the glass surface 
composition, producing a rich color palette with high lateral 
resolution and with potential applications for storage media 
and product authentication. With increased electron fl uence, 
we also demonstrate the capability to direct-write silver nano-
particles of various shapes on a transparent substrate.  

  2.     Silver Particle Generation in Glass 

 Silver doped glasses have been shown to locally precipitate 
silver when subjected to excitation such as that from femto-
second lasers, gamma rays, and electrons when followed by 
thermal annealing. [ 32–36 ]  After femtosecond direct laser writing 
(DLW) and heat treatment, silver doped zinc phosphate glass 
displays increased optical absorption below 450 nm due to the 
generation of several silver species and white fl uorescence due 
to the development of Ag  m  x   +  nanoclusters. 

 In this process, the amplitude of the emission is propor-
tional to the number of pulses applied and emission intensity–
based multibit data storage has been demonstrated. [ 37 ]  Bourhis 
describes the progression of this photochemical process in 

three steps. First, multiphoton absorption results in electrons 
elevated from the valence to conduction band within the matrix 
creating electron–hole pairs which are quickly captured by silver 
ions to form both neutral and charged silver species such as Ag 0  
and Ag 2+  via the reaction shown in Equation  ( 1)  . Second, silver 
nanoclusters of Ag  m  x   + , where typically  m  < 20 and  x  <  m , are 
formed near the periphery of the treated area through a local-
ized oxido-reduction clustering reaction shown in Equation  ( 2)  . 
Finally, Ostwald ripening of the charged silver nanoclusters 
enlarges them to nanoparticles ranging from 5 to 15 nm. [ 38,39 ]  
Due to the low room temperature diffusion of silver species in 
these glasses however, this fi nal step requires extended heating 
by the laser or a separate heat treatment near the glass transi-
tion temperature of the substrate.

    2Ag e h Ag Ag2 0+ + → ++ − + +

  (1)  

    Ag Ag Ag , Ag Ag Ag0
2
+

+1
+1+ → + ↔+ +

m
x

m
x

  (2)   

 Direct e-beam writing on an ionic conductor shares several 
similarities as well as an important distinction from the DLW 
process.  Figure    1  a shows an overview of the process, where the 
beam from a high-resolution scanning electron microscope 
(HRSEM) creates an interaction volume of mobile electrons in 
the substrate. Besides the energy associated with the beam, it 
also transfers a net current to the sample which is determined 
by the difference between the primary beam current and losses 
of secondary and backscattered electrons to the chamber. In 
the initial stage shown in Figure  1 b, scattering of the primary 
beam generates secondary electrons which facilitate the crea-
tion of silver nanoclusters throughout the interaction volume, 
in a reduction and clustering process similar to DLW. How-
ever unlike the DLW process, the higher mobility of Ag +  ions 
permits nanoparticle formation across the entire interaction 
volume, and not only at the boundaries. Moreover, the net 
negative charge deposited by the beam reduces the charge on 
particles and directly contributes to silver reduction as shown 
in Equation  ( 3)   resulting in increased silver deposition. Impor-
tantly, the high ionic conductivity of the substrate prevents 
surface charging by allowing Ag +  ions migrate to the surface. 
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 Figure 1.    Schematic of the silver writing process. a) An electron beam scans the surface of the glass, with electrons depositing below the surface. Silver 
ions migrate to the deposition site neutralizing the charge buildup. b) Initially primary electrons generate electron–hole pairs which combine with local 
Ag +  ions to form silver nanoparticles. Once the primary electron loses energy it also causes precipitation by reducing silver. c) When silver nanoparticles 
coalesce into a metal fi lm thick enough to absorb the beam, fi lm growth is only due to the absorbed electrons which drive electrochemical deposition.
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As suffi cient silver particles precipitate, they coalesce to form a 
fi lm on the glass surface. When the fi lm grows thicker than the 
beam penetration depth, as shown in Figure  1 c, secondary elec-
trons are no longer generated in the glass, and only direct silver 
reduction continues. At this point, further silver precipitation is 
restricted to the silver–substrate interface, which results in both 
vertical and lateral growth of the silver fi lm

   Ag e Ag 1+ →− −
m
x

m
x

  (3)     

  3.     Silver Painting 

  Figure    2  a depicts the color induced in patterned areas of 
AgIAgPO 3  with varying accelerating voltages and electron 

fl uence. At each voltage from 1 to 12 kV, a gradient of primary 
beam fl uence was applied from 0 to 2500 pC µm −2 . At 1 kV, 
the large secondary electron emission from the surface causes 
a net positive charge to be deposited, resulting in no reduction 
of colored silver. At 2 kV, the electrons emitted from the surface 
nearly match those of the incoming beam, resulting in limited 
formation of silver nanoclusters. For 3 kV and above, the charge 
of the incoming beam exceeds the emitted charge, resulting in 
net deposition of electrons and the electrochemical reduction 
of silver. From left to right, the increasing fl uence results in a 
shift in hue.  

 After a point, the patterned area loses saturation which is 
hypothesized to be due to the coalescence of isolated nano-
particles into a metallic fi lm on the surface. Since higher 
voltage beams result in a wider range of electron penetration 
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 Figure 2.    Color palettes produced on AgIAgPO 3  by electron beam irradiation. a) Optical image of AgIAgPO 3  patterned in a linear fl uence gradient from 
left to right from 0 to 2500 pC µm −2 . From bottom to top the beam voltage is 1–12 kV. b) Image of AgPO 3  patterned in identical conditions showing 
dendritic growth and limited color palette. Scale bars are 10 µm.
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depths, higher fl uence is required to achieve coalescence at 
high voltages. The color seen at low fl uence was observed to 
sweep the visible spectrum with increased acceleration voltage, 
suggesting either a difference in initial nanoparticle nucleation 
size, particle concentration, or alteration of the glass index near 
the surface due to beam energy. 

 For comparison, Figure  2 b shows patterning performed on 
a nonsuperionic sample of silver metaphosphate. Whereas 
AgIAgPO 3  possesses a high room temperature ionic conduc-
tivity, the conductivity of AgPO 3  is four orders of magnitude 
smaller. Without adequate bulk conductivity, trapped charges 
accumulate during irradiation, resulting in long-lived charge 
trapping in the exposed areas and the development of a large 
electric potential between glass surface and the grounded stage 
to which it is attached. Doi and Asakura have demonstrated 
that in an electric fi eld of 400–600 V cm −1 , AgPO 3  will undergo 
dielectric breakdown and grow silver dendrites though the bulk 
of the glass. [ 40 ]  Indeed, AgPO 3  samples demonstrated dendritic 
growth of silver when subjected to 2–12 kV beams, conditions 
in which a net negative charge is transferred to the glass. The 
reduction of silver in the growth of uncontrolled dendrites con-
sumes the surface charge, lowering the overall nanoparticle 
growth in the interaction volume. Moreover, the preference 
toward dendrite growth is accentuated in AgPO 3  due to the lim-
ited availability of Ag +  ions near the surface compared to further 
in the bulk. The net result is the extremely limited color profi le 
when compared to irradiated AgIAgPO 3 . At high fl uence, the 
penetration of the silver dendrites into the glass matrix gener-
ated enough stress to fracture the surrounding glass. 

 Specular data, shown in  Figure    3  , were gathered from 
larger dots patterned in AgIAgPO 3  with an electron fl uence of 
300 pC µm −2 . Dots were 225 µm to provide suffi cient signal 
to collect specular data. The combined diffuse and specular 
refl ection spectra show that at 3 kV, very little alteration is 
made in the visible range at this fl uence. Beginning at 4 kV, 
the yellow color is revealed to be a pair of broad peaks in refl ec-
tion appears across the visible range. This is in contrast to the 
extinction below 450 nm by the DLW process and the single 
fl uorescence peak associated with it. With further increase in 
acceleration voltage, the spectrum remains qualitatively the 
same, but shifted toward longer wavelengths. This is consistent 

with the extracted silver resulting in a continuous change in the 
effective refractive index of the top layer along with increase in 
electron absorption depth with beam voltage.  

  Figure    4   demonstrates different approaches to patterning 
utilizing the available color palette. In Figure  4 a, a high contrast 
bicolor optical image was produced using beams at 5 and 7 kV 
at fl uences of 440 and 477 pC µm −2 , respectively. This method 
produces uniform colors over large areas and can produce 
vibrant submicrometer colored lines. Alternatively, in Figure  4 b 
the image was produced using several levels of fl uence from 
beams at 4 and 6 kV to produce more gradual color gradients. 
Since several accelerating voltages display several hues, only 
a few passes are required. Both methods are capable of posi-
tioning accuracy limited only by electron beam software and 
hardware.   

  4.     Silver Film Growth and Surface Properties 

 Across all electron fl uences, atomic force microscopy (AFM) 
scans show that the surface became raised in the patterned 
areas.  Figure    5   shows the results of writing bulk quantities 
of silver in the form of 4 × 4 and 2.5 × 2.5 µm squares, while 
varying accelerating voltage between 5, 7, and 10 kV. For each 
accelerating voltage, the electron fl uence was set by varying the 
writing duration of the beam while at constant current. For 
doses up to 3–5 nC µm −2 , the thickness increased monotoni-
cally, with higher acceleration voltages resulting in faster depo-
sition rates. Beyond 3–5 nC µm −2  the growth rate transitioned 
to a lower, linear rate of 0.012, 0.028, and 0.039 µm 3  nC −1  for 
voltages of 5, 7, and 10 kV, respectively (for data presented as 
growth rates, see Figure S1, Supporting Information). The clear 
decrease in fi lm growth rate indicates a change in the dynamics 
of deposition. Monte Carlo simulations of a beam incident on a 
silver fi lm show that the shift to a slower growth rate matches 
the maximum electron penetration depth (Figure S2, Sup-
porting Information). This is consistent with the notion that 
once a thick layer of silver coats the substrate, secondary elec-
trons generated in the silver are reabsorbed before reaching the 
underlying glass, causing the deposition rate only to be driven 

Adv. Funct. Mater. 2015, 25, 5261–5268

www.afm-journal.de
www.MaterialsViews.com

 Figure 3.    Refl ection spectra of e-beam patterned dots. a) Total refl ection 
spectra from dots patterned at 300 pC µm −2  and several voltages. Data 
are offset vertically for clarity. b) Optical images corresponding to the 
225 µm diameter dots.

 Figure 4.    Microscope optical images on AgIAgPO 3  produced by pat-
terned electron beam irradiation. a) Optical image of high-contrast bicolor 
graphic. Patterned in two passes: 5 and 7 kV  V  acc . b) Optical image of gra-
dient painting pattern in two passes: 4 and 6 kV  V  acc . Scale bars are 25 µm.
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by the charge absorbed by the silver fi lm. In the high fl uence 
regime, variation in deposition rate with acceleration voltage is 
consistent with lower total emitted electron effi ciency at higher 
voltages. See Figure S3 (Supporting Information) for stage cur-
rent yield on a reference sample of silver as a function of accel-
eration voltage.  

 The transition to a fi lm of silver atop the glass substrate from 
subsurface nanoparticles is shown in Figure  5 b,c. Morphologi-
cally, the writing process began with a uniform increase in sur-
face height without large increases in surface roughness. As 
electron fl uence was increased, silver grains became visible on 
the surface and coalesced to form a continuous metal fi lm. The 
height at which grains became visible varied with acceleration 
voltage, where low voltage beams produced grains at the lowest 
fl uence. This is consistent with Monte Carlo simulations which 
predict a widening of electron penetration distributions with 
increased acceleration voltage. While lower energy beams con-
centrate the initial silver deposition closer to the surface, high 
energy beams distribute silver deposition over a wider range 
of depths, requiring a higher fl uence for the concentration of 
silver at the surface to reach the coalescence threshold. 

 AFM measurements also show an increase in the lateral size 
of patterns compared to the nominal dimensions. While some 
of this increase is due to the scattering effects of the beam 
within glass, features continue to spread even when the silver 
fi lm is thick enough to absorb the beam. Since creation of thick 
fi lms is driven electrochemically, deposition is not localized to 
the beam but to the entire area of the silver fi lm, uniformly 
increasing fi lm thickness. 

  Figure    6  a demonstrates the lateral resolution of lines written 
at 5 kV and 3.9 nC µm −1 . Lines are 160 nm thick and 400 nm 
wide. At fl uences above the transition to purely electrochemical 
deposition, pattern edges gain sharp contrast. Though beam 
scattering appears to limit the minimal achievable line width, 
the process displays much higher resolution in producing 
silver gaps. Since patterns grow laterally in the electrochemical 
regime, features can be grown such that gaps reach less than 
60 nm. Figure  6 b–d demonstrates structures spaced 50 nm 
apart, a bowtie antennae with a thickness of 215 nm and a gap 
of 55 nm, and a 150 nm wide NSOM aperture produced in an 
opaque 280 nm thick silver fi lm. All nonpatterned areas remain 
optically transparent.   
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 Figure 5.    Silver growth with increasing electron fl uence. a) Graph of thickness versus dose, b) AFM image of squares patterned at 5 kV from 0.5 to 
21.3 nC µm −2 , and c) RMS roughness versus thickness. Moving average lines added to aid the eye. Scale bar is 10 µm.
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  5.     Thermal Analysis 

 In addition to initiating silver nanoparticle precipitation, the 
electron beam delivers thermal energy to the glass surface 
which may affect the process. Hiki, Takahashi, and Kogure 
measured the thermal conductivity at 40 °C of AgPO 3  and 
AgIAgPO 3  to be only 0.430 and 0.259 W m −1  K −1 , respectively, 
which suggests that heat may be poorly transferred away from 
the interaction volume, especially under high current pat-
terning. [ 41 ]  To estimate the expected steady-state temperature 
rise created by the electron beam, a 2D axisymmetric fi nite 
element model of the glass was made in COMSOL. The rele-
vant glass domain modeled as a 10 µm radius × 10 µm deep 
cylinder modeled with a thermal conductivity refl ecting that 
of AgIAgPO 3  or AgPO 3 . Due to the increased absorption and 
higher thermal conductivity of silver during the process, a third 
simulation was conducted assuming the interaction volume 
consists of silver with AgIAgPO 3  as the surrounding material. 
Boundary conditions at the sides and base of the model were 
fi xed at 20 °C, while the top surface was assumed to be ther-
mally insulating. 

 Simulations were conducted for 3 nA beams corresponding 
to 5, 7, and 10 kV acceleration voltages. Heat generation from 
the electron beam interaction was assumed to be uniform 
within a hemispherical interaction volume. Total beam power 
was calculated in Equation  ( 4)   as a function of the energy car-
ried by each electron and the primary beam current. The effec-
tive beam heating power can be calculated by considering the 
energy lost due to escaped secondary electrons as well as the 
slightly reduced energy carried away by backscattered electrons. 
However, the energetic contribution of lost secondary electrons 
is small, and the majority of backscattered electrons retain a 
signifi cant portion of their initial energy. To simplify calcula-
tions, the effective beam heating power was calculated using 
Equation  ( 5)   by assuming backscattered electrons retained their 

initial energy. The backscattering coeffi cient,  η , as well as the 
maximum penetration depth were obtained from Monte Carlo 
simulations and are shown in  Table    1  

   
1.6 10 C / e

total
electron

19=
× −P
E I

 
 (4)

  

    (1 )thermal totalη= −P P   (5)    

  Figure    7   illustrates that since the glass was thermally insu-
lating, heat was well confi ned to the interaction volume 
while the rest of the simulated volume remained near room 
temperature. The maximum temperatures in simulations of 
AgIAgPO 3  were 56.2, 48.1, and 42.9 °C, all below the glass 
transition temperature of the substrate. With a higher thermal 
conductivity and larger interaction volume, maximum tem-
peratures reached in AgPO 3  are even lower. Considering that 
silver precipitation in the glass is likely to increase the thermal 
conductivity in the interaction volume, it seems likely that 
the electron beam thermal interaction with the glass does 
not signifi cantly affect the process at the beam powers 
investigated.   

  6.     Material Analysis 

 Energy-dispersive spectroscopy (EDS) was conducted on the 
glass before and after patterning at high fl uence, with the 
results shown in  Table    2  . For reference, the spectrum of pure 
silver was measured as well as that of AgIAgPO 3 . Due to carbon 
contamination in the chamber, a small amount of carbon was 
detected in all samples. To measure the glass prior to deposi-
tion, the spectrum of the glass was recorded at low magnifi ca-
tion, reducing the electron fl uence during measurement to a 
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 Figure 6.    High-resolution silver structures patterned on AgIAgPO 3 . 
a) Lateral resolution test of lines written at 5 kV and 3.9 nC µm −1 . b) Silver 
lines patterned with a 50 nm gap. c) Bowtie antennae with 55 nm gap. 
d) 150 nm NSOM aperture in 280 nm thick silver fi lm. Scale bars 1 µm, 
inset scale bar 100 nm.

  Table 1.    Summary of thermal beam power and resulting maximum 
temperatures from fi nite element simulation. Backscatter effi ciency 
and maximum penetration depths calculated from Monte Carlo 
simulations.  

Beam accelerating voltages

5 kV 7 kV 10 kV

Primary beam power at 3 nA [µW] 15 21 30

Backscatter effi ciency [η] AgPO 3 0.269 0.262 0.28

AgIAgPO 3 0.335 0.328 0.35

Ag in AgIAgPO 3 0.364 0.368 0.390

Approximate penetration 

depth [nm]

AgPO 3 300 525 1000

AgIAgPO 3 250 450 750

Ag in AgIAgPO 3 120 200 360

Thermal dissipation power 

density [×10 13  W m −3 ]

AgPO 3 19.4 5.11 1.03

AgIAgPO 3 30.5 7.39 2.64

Ag in AgIAgPO 3 264 79.2 18.7

Maximum temperature [°C] AgPO 3 39.9 35.8 31.2

AgIAgPO 3 56.2 48.1 42.9

Ag in AgIAgPO 3 68.4 60 50.2
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negligible level. The unpatterned glass displayed strong silver, 
iodide, and phosphorous peaks, matching the expected ratios 
for AgIAgPO 3 . Compared to the unpatterned glass, areas of 
glass patterned at 10 kV show more silver present, with iodide, 
phosphorus, and oxygen content suppressed. Chamber con-
tamination, however, causes carbon content to rise slightly 
with increased beam dwell time. Unlike EBID deposition with 
carbon containing precursors, the carbon content of structures 
made in this process can be reduced through better chamber 
maintenance.   

  7.     Conclusion 

 The effects of electron beam irradiation of a high ionic con-
ductivity transparent glass, AgIAgPO 3 , were investigated. The 
electron beam initiates precipitation of silver within the beam 
interaction volume leading to swelling of the surface. It was 
found that for fl uences lower than 2500 pC µm −2  the surface 
exhibits strong coloration throughout the visible range. Though 
several papers have shown color change of phosphate glasses 
containing silver after local excitation, this is the fi rst time such 
a change has been demonstrated that smoothly sweeps the 

entire visible range and requires no subsequent heat treatment. 
We attribute the immediate appearance of color to silver nano-
particle formation facilitated by the high room temperature 
mobility and concentration of Ag +  ions present in AgIAgPO 3 , 
in conjunction with direct injection of charge from the beam. 
Without high ionic conductivity, irradiation of AgPO 3  glass only 
produces a limited set of colors. 

 From AFM scans of the surface, surface modifi cation due to 
the electron beam initially appeared as a raised surface with the 
process capable of fi ne control of surface height down to 1 nm 
average surface height for low fl uence (<300 pC µm −2  at 5 kV). 
At suffi cient electron fl uence, the accumulated embedded silver 
particles coalesced into a fi lm and broke through to the surface. 
Thick fi lm formation of greater than 1 µm for high fl uence 
(3000 pC µm −2  at 10 kV) was possible by electron capture and 
subsequent electrochemical growth of silver particles on the 
surface. Both the colored embedded silver nanoparticles and 
silver fi lm on the surface were patterned in submicrometer fea-
tures, with surface patterning displaying line width resolution 
of 400 nm and feature-to-feature spacing of less than 60 nm. 
Film growth characteristics were consistent with Monte Carlo 
simulations indicating that the process is controlled by both the 
energy and charge absorbed by the substrate from the electron 
beam. 

 This process displays several favorable characteristics for 
future applications. The patterns generated here may fi nd use 
for high-resolution color applications including optical data 
storage and color security labeling, or systems requiring fi ne 
control of surface height. The ability to tailor silver nanostruc-
tures is especially suited to plasmonic applications requiring 
optically transparent substrates. Future work includes exploring 
similar glass compositions, and optimizing for environmental 
stability of both the glass and written structures such that high 
reliability, long-term patterning is practical.  

  8.     Experimental Section 
 The glass, AgIAgPO 3 , was synthesized from reagent grade silver nitrate 
(99.995% from Salt Lake Metals), monobasic ammonium phosphate 
(99.99% from Sigma Aldrich), and silver iodide (99.9% from Alfa Aesar). 
First, stoichiometric amounts of silver nitrate and ammonium phosphate 
were heated slowly in an alumina crucible until the liquid fi nished giving 
off fumes, at which point the crucible was heated to 600 °C for 1 h. 
Next, the silver metaphosphate was quenched on an aluminum plate, 
before being mixed in a new alumina crucible with equimolar amounts 
of silver iodide at 600 °C for 1 h. Afterward, the glass melt was soaked 
in a borosilicate tube at 400 °C for 24 h to remove particles generated 
from the glass reaction with the alumina crucible. After slow cooling, the 
glass was melted on an aluminum holder that was previously sputtered 
with a 100 nm layer of silver to act as a sacrifi cial counter electrode to 
the electron beam. Flush with the base of the ring is an optical window, 
which allows illumination from below. A fl at surface for patterning was 
created by melting the convex surface of the glass against an optical 
fl at, cooling and separating the two parts. Silver metaphosphate was 
separately melted onto silver foil to provide a control sample of low ionic 
conductivity glass. 

 Writing was performed on an FEI Dual Beam 235 FIB using the 
electron column, with accelerating voltages ranging from 1 to 12 kV. A 
faraday cup was used to measure the beam current prior to each pattern, 
and the write time was adjusted to achieve the desired electron fl uence. 
The beam currents for 1 and 2 kV were 980 and 1800 pA, respectively, 
and beam currents for 3–12 kV acceleration were measured to range 
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 Figure 7.    Finite element model of heating in AgIAgPO 3 . Example sim-
ulation of the steady-state temperature rise due to thermal input from 
electron beam. The simplifi ed thermal modeling assumes uniform power 
dissipation within a hemispherical interaction volume. With a 7 kV beam 
at 3 nA, there is less than a 28 °C temperature rise. Since this is still well 
below the substrate glass transition temperature of 81 °C, the process 
does not induce large-scale melting during irradiation.

  Table 2.    Energy-dispersive X-ray spectroscopy of AgIAgPO 3 , e-beam 
extracted material, and bulk Ag reference.  

Ag [at%] I [at%] P [at%] O [at%] C [at%]

AgIAgPO 3 38.6 19.8 20.5 14 7.1

Extracted Ag 88.1 0.2 1.3 1.3 9.1

Bulk Ag 88.7 0 0 0.4 10.9
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from 2.9 to 3.9 nA. Height data and AFM images were produced with an 
Asylum Cypher in tapping mode. Elemental analysis was performed on 
a JOEL JSM-6060LV scanning electron microscope with an Iridium Ultra 
EDS system from iXRF Systems. The bulk silver reference was a 99.99% 
silver pellet obtained from Kurt J. Lesker. Monte Carlo simulations were 
conducted using Win X-Ray, an extension of CASINO Monte Carlo 
software. Optical images were recorded with an optical microscope 
with maximum NA = 0.55, a Canon Rebel T3i using illumination from 
a high intensity halogen lamp, and a polytetrafl uoroethylene disk for 
white balance calibration. Refl ection spectra were obtained with a Cary 
5000 UV–vis–IR spectrophotometer using an integrating sphere with a 
200 µm diameter black aperture to mask all but the patterned area.  
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