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  1   .   Introduction 

 Transient electronics represents an emerging class of tech-
nology whose key characteristic is that it physically disappears, 
in whole or in part, in a controlled fashion after it has served 
its targeted function. [  1–5  ]  Devices with this property provide 
capabilities that complement those of traditional integrated cir-
cuits. Enabled applications range from biodegradable electronic 
medical implants, secure electronics, to vanishing environ-
mental sensors, and zero-waste consumer electronics. [  1  ]  Here, 
the constituent materials must be carefully formulated and 

integrated together to accommodate a 
desired transient process, such as dissolu-
tion in biofl uids or ground water. Silicon, 
which undergoes hydrolysis in basic 
aqueous conditions, is an attractive choice 
for the semiconductor. [  1  ]  Zinc oxide [  2  ]  and 
certain organic semiconductors [  5  ]  repre-
sent alternatives. In all cases, compatible 
conductive materials are also essential. 
By comparison to conductive polymers, 
conventional metals are appealing due 
to their low resistivities, stable proper-
ties, and established roles in commercial 
devices. Initial reports of silicon transient 

electronics used magnesium (Mg) for electrodes and intercon-
nects, [  1  ]  due to its combination of ease in processing, rapid 
rates of hydrolysis, and biocompatibility. Alternative metals that 
share some of these characteristics include zinc (Zn), iron (Fe), 
tungsten (W), and molybdenum (Mo). Each of these materials, 
with the exception of W (not a universal bioelement), [  6  ]  is essen-
tial for biological function, with recommended daily intake 
values in the range of ≈0.05–400 mg day −1 . [  7,8  ]  In addition, Mg, 
Mg alloys, and Fe have been explored for use in bioresorbable 
implants (e.g., vascular stents) due to their biocompatibility and 
favorable mechanical properties. [  9–12  ]  In simulated body fl uids 
(SBFs) and at physiological conditions, Mg dissolves to form 
mainly Mg(OH) 2  which is water soluble, at a rate ≈0.05–0.5  μ m 
h −1 . [  13–16  ]  Addition of small amounts of aluminum (3 wt%–9 wt%) 
can slow these rates to ≈0.02–0.10  μ m h −1 . [  14,15,17  ]  In related 
conditions, Fe dissolves to form hydroxides (Fe(OH) 2  or/
and Fe(OH) 3 ) and oxides (Fe 2 O 3 , Fe 3 O 4  or/and FeO) at 
≈0.02  μ m h −1 , [  18–21  ]  with rates that can be signifi cantly slower in 
Fe stents evaluated in vivo. [  22  ]  In contrast to Mg, Fe degrades in 
a spatially non-uniform manner, with certain reaction products 
(Fe 2 O 3  and Fe 3 O 4 ) that have very low solubility. [  9,23  ]  Bowen et 
al. recently suggested the use of Zn as an alternative metal for 
the resorbable stents, [  24  ]  due to its acceptable in vivo degrada-
tion rates (≈ 5 × 10 −3   μ m h −1 ) and soluble dissolution products 
ZnO. [  25  ]  

 Metals with less comprehensive data on biocompatibility 
are also worthy of consideration. For example, published 
results suggest that W can dissolve in physiological solutions 
to WO  x   and Mo can degrade in neutral buffer solutions to 
MoO  x  . [  26–28  ]  Neural sensor wires made of W dissolve at rates 
of ≈0.02–0.06  μ m h −1  in SBF at room temperature (RT). [  26  ]  In 
vivo tests of W embolisation coils indicate no obvious adverse 
biological effects, with minimal toxicity for concentrations 
<50  μ g mL −1 . [  29,30  ]  Although in vivo dissolution of pure Mo has 
not been reported, the rates in pH 7 buffer and NaCl solutions 
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Fe, W, and Mo thin fi lms and serpentine wires in de-ionized 
(DI) water and simulated body fl uids (Hanks’ solution). Silicon 
metal oxide fi eld effect transistors (MOSFETs) built using elec-
trodes formed with these various metals demonstrate their 
utility in transient electronics.  

  2   .   Results and Discussion 

  2.1   .   Kinetics Determined by Changes in Electrical Properties 

  Figure    1  a–g summarizes representative dissolution behavior 
in terms of the change in resistance as a function of time for 
various metal thin fi lms in DI water and Hanks’ solutions (for 
pH values between 5 and 8) at both RT and body temperature 
(37 °C). The geometry of the serpentine traces (width 250  μ m; 
total length ≈50 mm) used for evaluations is illustrated in 
Figure  1 b, including the top probing pads. The change in resist-
ance shown in Figure  1  is normalized by the total length of the 

are between ≈10 −4  and 10 −3   μ m h −1  at RT. [  27,31  ]  Such low rates 
can be important for classes of devices that demand sustained, 
continuous contact between electrodes and internal tissues. 

 These considerations suggest that Mg, Mo, W, Fe, and Zn 
are promising candidates for additional study as patterned, 
thin fi lm traces in transient electronic implants, environmental 
monitors and others. Although there is an extensive, existing 
body of knowledge related to corrosion of these metals in bulk 
form, far less information is available for thin fi lms, where 
behaviors can be quite different. For example, the grain sizes 
in fi lms and bulk samples typically lie in qualitatively distinct 
regimes, with signifi cant consequences. [  32  ]  Furthermore, pin-
holes, pitting, porosity, and other phenomena have dominating 
effects on specifi c properties relevant to use of thin fi lms in 
transient electronics, particularly in time dependent variations 
of the resistances of patterned traces. The following outlines 
systematic studies of dissolution behaviors, in terms of elec-
trical conductivity, thickness, morphology, and surface chem-
istry, of Mg, AZ31B (3 wt% Al and 1 wt% Zn) Mg alloy, Zn, 

      Figure 1.  Change in resistance of serpentine thin fi lm traces as a function of time during dissolution in Hanks’ solution (pH 5, 7.4 and 8 at RT and 
pH 7.4 at 37 °C) and in DI water, for cases of a) Mg (300 nm); b) AZ31B Mg alloy (300 nm); c) sputter deposited W (150 nm); d) Zn (300 nm); e) Mo 
(40 nm); f) CVD W (150 nm); g) Fe (150 nm); a–g) share the same legend. Change in thickness of similar traces as a function of time during dissolu-
tion in DI water at RT for cases of h) Mg, AZ31B Mg alloy, and Zn; i) Mo, Fe and sputter deposited W. 
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 As shown in Figure  1 a,b and Table  1 , in DI water, the EDR 
of AZ31B Mg alloy is approximately three times lower than that 
of Mg. In both cases, Mg(OH) 2  is the main dissolution product, 
as discussed subsequently. The EDRs of both Mg and Mg alloy 
are signifi cantly higher (> ten times) in Hanks’ solution regard-
less of pH and temperature (for the ranges studied), likely due 
to the presence of chlorides (Cl − ) that promote rapid attack, as 
reported in corrosion studies of mass loss in bulk samples of 
Mg. [  33  ]  The weak dependence on pH between 5 and 8 is con-
sistent with fi ndings for bulk Mg alloys in NaCl solutions. [  34  ]  On 
the other hand, a much stronger infl uence of pH was reported 
for bulk samples in Hanks’ solutions, with dissolution rates 
≈300 times faster in pH 5.5 compared to the pH 8 solutions. [  16  ]  

 In a trend qualitatively similar to that for Mg, Zn shows 
an EDR that is approximately four times lower in DI water 
than in salt solution, possibly due to the presence of chlorides 
(Cl − ). [  35  ]  As will be discussed later, the dissolution products are 
mainly ZnO and Zn(OH) 2 . The EDRs among salt solutions 
with different pH values and temperatures are similar, which is 
consistent with mass loss associated with corrosion of bulk Zn 
in NaCl solutions. [  35  ]  

 Unlike Mg and Zn, Mo (Figure  1 e and Table  1 ) exhibits EDRs 
in DI water that are higher (≈2–5 times) than those in salt solu-
tions at RT, with Mo oxides as corrosion products. Such trends 
are observed in bulk Mo materials. [  36  ]  The differences likely arise 

serpentine pattern. Changes in thickness with time for dissolu-
tion in DI water at RT appear in Figure  1 h,i. In all cases, an 
ultrathin layer of Cr (≈10 nm) serves as an adhesion promoter 
to a glass substrate. This layer improves the yields and ensures 
that the dissolution kinetics are not interrupted by fi lm delami-
nation. (Control experiments without the Cr establish that, 
in the absence of delamination, this layer has no measurable 
effect on the dissolution processes.)  

 For purposes of discussion, electrical dissolution rates 
(EDR) are defi ned by converting changes in electrical resist-
ance to an effective (non-physical) thickness  h , according to 
R = R0h0/h   (with  R  0  and  h  0  are the initial electric resistance 
and initial thickness respectively), and using results of a reac-
tive diffusion model discussed subsequently. Results, each of 
which corresponds to the average of at least three data sets, 
appear in  Table   1 . For Fe, whose behavior is not captured by 
the model, the EDR is estimated by dividing the Fe thickness 
(150 nm) over the time required for complete loss in conduc-
tivity ( R / L  > 100  Ω  mm −1 ). Overall, i) Mg, AZ31B Mg alloy and 
Zn have EDRs that are much higher than those of W, Mo, and 
Fe; ii) the EDRs of Mg, Mg alloy, and Zn increase in salt solu-
tions; iii) the EDRs increase with body temperature (between 
RT and 37 °C) for W, Mo, and Fe, but not signifi cantly for Mg, 
AZ31B Mg alloy, and Zn. The detailed dissolution chemistries 
that underlie these behaviors are discussed in Section 2.2.  

 Table 1.   Summary of dissolution rates of various metals and comparison with literature data. 

  Electrical dissolution rates 
[ μ m h −1 ]   

Apparent morphological dissolution 
rates in DI water [ μ m h −1 ]  

Mass lost corrosion rates from 
literature [ μ m h −1 ]  

Refs.  

  DI  Hanks’ solutions        

Mg  0.3 ± 0.1  4.8 ± 2.2  ≈0.07  pH 7.4 SBF 37 °C: 0.05–0.5   [  13–16  ]   

        0.05  m  NaCl: 0.05–0.3   [  47  ]   

AZ31B  0.08 ± 0.02  2.6 ± 2.1  ≈0.02  pH 7.4 SBF 37 °C: 0.02–0.1   [  14,15,17  ]   

        0.05  m  NaCl: ≈0.3   [  47  ]   

        0.6  m  NaCl: ≈0.1   [  48  ]   

W (S) a)   (4 ± 1) × 10 −3   pH 5: (1.4 ± 0.4) × 10 −3   ≈1.7 × 10 −3   pH 7.4 SBF: 0.02–0.06   [  26  ]   

    pH 7.4–8: (8 ± 2) × 10 −3         

    pH 7.4 37 °C: ≈0.02        

W (C) a)   (7 ± 2) × 10 −4   pH 5: ≈2 × 10 −4   ≈3 × 10 −4       

    pH 7.4–8: (7 ± 2) × 10 −4         

    pH 7.4 37 °C: ≈2 × 10 −3         

Mo  (1 ± 0.1) × 10 −3   pH 5: (6 ± 2) × 10 −4   ≈3 × 10 −4   pH7  buffer: 1 × 10 −3    [  27  ]   

    pH 7.4–8: (2 ± 0.3) × 10 −4     pH 7 buffer thin fi lm: 2 × 10 −4    [  31  ]   

    pH 7.4 37 °C: (7 ± 4) × 10 −4         

Zn  0.07 ± 0.02  0.3 ± 0.2  ≈7 × 10 −3   In vivo: ≈5 × 10 −3    [  24  ]   

        DI water: ≈3 × 10 −3    [  35  ]   

        Sea water: ≈(2–8) × 10 −3    [  35  ]   

Fe  <1 × 10 −3   pH 5: ≈9 × 10 −3   -  pH 7.4 SBF 37 °C: ≈0.02   [  18,19  ]   

    pH 7.4–8: ≈2 × 10 −4         

    pH 7.4 37 °C: ≈7 × 10 −3         

    a) W(S) and W(C) stand for sputter deposited W and CVD W, respectively. All the data are at RT unless specifi ed.   
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example, as shown in Figure  1 h,i, the thicknesses of fi lms of 
Mg, Mg alloy, and Zn reach zero after the complete loss in elec-
trical continuity. For W and Mo, the thickness decreases quickly 
in the fi rst 4 days, after which the oxide products slowly dis-
solve. In the case of Fe, the oxides do not dissolve even over the 
course of a month. Such retention of Fe corrosion products also 
occurs in in vivo tests of Fe stents. [  9  ]  

 The corrosion rates, defi ned by mass loss for bulk mate-
rials in near neutral solutions as reported in literature, are 
also summarized in Table  1 . The EDRs of Mg, Mg alloys, 
and Zn thin fi lms are higher (≥ 10 times) than the corrosion 
rates under similar conditions; Mo exhibits similar rates; and 
W and Fe show EDRs that are lower (≈3–30 times depending 
on the conditions). At least two considerations are important 
in understanding these differences. First, the fi lms consist of 
nanocrystallines (grain size ≈10–60 nm) that can improve cor-
rosion resistance compared to bulk materials with much larger 
grain size, [  32  ]  possibly due to the formation of surface oxides 
with enhanced protective qualities on the nano-grained sur-
faces. [  39  ]  Previous results of corrosion studies on Mg, Fe, Zn, 
W, and Mo nanocrystalline fi lms suggest that the dissolu-
tion rates can decrease by ≈2–10 times with decreasing grain 
size. [  18,31,39–42  ]  By contrast, Mg alloy shows little effect of grain 
size. [  43  ]  Second, and perhaps most important, the resistances of 
thin fi lms are sensitive to non-uniformities, as mentioned pre-
viously. One consequence is that when such non-uniformities 
(either at large or small scales) are important, the EDR is larger 
than the reported corrosion rates, as for Mg, Mg alloys, and 
Zn, as discussed subsequently. On the other hand, if grain size 
effects are pronounced, then the EDR can be strongly reduced, 
as for W and Fe. When the infl uence of non-uniformities and 
grain sizes are similar, then the EDR can be comparable to the 
reported rates, as for Mo. The conclusion, then, is that thick-
ness changes and corrosion rates can be important, but they are 
both distinct and often times signifi cantly different than EDRs, 
as they relate to uses of thin fi lms in transient electronics. 

 In spite of these differences, we fi nd that simple models of 
reactive diffusion that connect thickness directly to resistance 
are capable of capturing the trends. An analytical model of reac-
tive diffusion [  44  ]  is designed to describe the dissolution behavior 
in terms of electrical conductivity, as shown in the solid lines 
of Figure  1 . The model reproduces the observed behavior in all 
cases except for Fe, for reasons highlighted previously. Resist-
ance changes are represented by changes in an effective thick-
ness ( h ) that accounts, in an approximate manner, both for 
changes in physical thickness and for infl uences associated with 
porosity, pitting and other non-uniformities, as described previ-
ously in this section. The model considers both chemical reac-
tions at the water/metal interfaces and diffusion of water into 
the metal. The key parameters are the diffusivity of water in the 
metal fi lm,  D , and the reaction rate constant  k . Because  h  0  is 
much smaller than the lengths and widths of the patterned 
traces, a 1D model can capture the behaviors. With  z  = 0 at 
the bottom surface of the metal, the water concentration  w  at 
time  t  satisfi es the reactive diffusion equation:

 D∂2w/∂2z − kw = ∂w/∂t  (1)     

 For a constant water concentration at the top surface of 
the metal w|z=h0

= w0  ( w  0  = 1 g cm −3 ) and zero water fl ux 

from the strong dependence of Mo dissolution on oxygen solu-
bility in aqueous solution, with rates that increase with oxygen 
solubility (Corrosion rates increase ≈4 times with oxygen from 
9 ppm to 37 ppm in DI water). [  37  ]  The presence of ions (e.g., Na + , 
Cl − ), [  36,38  ]  is known to reduce oxygen solubility. This effect, in Mo, 
could counteract any increase in corrosion potential associated 
with chlorides. As illustrated in Figure  1 e and Table  1 , Mo has 
an EDR that is ≈3 times lower in solutions with pH of 7.4 and 
8 compared to pH 5. Although dissolution rates of thin fi lms of 
Mo are roughly 10 times higher in strong alkaline solution (pH 
12) compared to neutral (pH 7) or acidic solutions (pH 2), [  31  ]  the 
expected reductions in oxygen solubility with increasing basicity 
can again surpass the effects of pH in this range. [  36,38  ]  In addi-
tion, the EDR for Mo is approximately three times higher at 
37 °C than at RT, for Hanks’ solution at pH 7.4. 

 W exhibits an EDR that is four times lower in acidic salt 
solution (pH 5) compared to more basic solutions (pH 7.4–8), 
as shown in Figure  1 c and Table  1 . Here, W oxides are the dis-
solution products. The trend is qualitatively consistent with the 
corrosion behavior of bulk W materials. [  28  ]  The EDR of W in 
DI water is similar to that in solutions with pH 7.4–8. Elevated 
temperatures (37 °C) increase the EDR. By comparison to the 
other metals, the EDR for W is more sensitive to deposition 
conditions. An example appears in Figure  1 c,f and Table  1 , 
where W formed by chemical vapor deposition (CVD) has an 
EDR about 10 times lower compared to the value for sputtered 
W. The dependence on pH for these two cases is qualitatively 
similar. The quality of sputter deposited thin fi lms of W can be 
adjusted through sputtering power, argon pressure and vacuum 
level (Figure S1, Supporting Information). 

 As given in Figure  1 g and Table  1 , the EDR for Fe is highest 
for pH 5 solution (acidic solution) and for pH 7.4 at 37 °C 
(elevated temperature), while lower in the other cases. For all 
examined conditions, thick layers of iron oxides form on the 
surfaces. Furthermore, the resistance as a function of time 
shows plateaus, especially for Fe in DI water, where the dis-
solution apparently ceases after 120 h. Such phenomena likely 
result from the overall slow kinetics and the protective nature 
of iron oxides, as discussed subsequently. 

 Corresponding changes in thickness during dissolution in 
DI water appear in Figure  1 h,i. The apparent morphological 
dissolution rates extracted by linear fi tting of the initial stages 
of thickness changes upon dissolution enable quantitative com-
parisons to the EDRs. (The later stages of dissolution involve 
signifi cant contributions due to porosity, non-uniformities 
and residual oxides). For Zn and Fe, the oxides can result in 
increases in thickness with time. Here, the averaged morpho-
logical dissolution rate of Zn is defi ned simply as the initial 
thickness 300 nm divided by the time for complete dissolu-
tion. Rates of change in thickness for Fe cannot be determined 
accurately because the measured thickness does not vary sig-
nifi cantly over the course of observation for one month. The 
results, which appear in Table  1 , show that the decrease in 
thickness lags the increase in resistance, mainly due to i) con-
tribution of residual insulating oxides to the measured thick-
ness, especially for the case of Zn; ii) enhanced sensitivity of 
resistance to local non-uniformities, pinholes and porosity. The 
most relevant parameter for transient electronics is, of course, 
the resistance; thickness is not an adequate substitute. For 
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Zn, and  D  = 1 × 10 −16  cm 2  s −1  at RT and  D  = 2 × 10 −16  cm 2  s −1  at 
37 °C for W and Mo. Equation 3 can be therefore used to esti-
mate the EDRs, where  q  is 2 for Mg, Mg alloy, and Zn (Mg + 
2H 2 O  →  Mg(OH) 2  + H 2 , Zn + 2H 2 O  →  Zn(OH) 2  + H 2 ); and 1 
for Mo and W (2Mo + 2H 2 O + 3O 2   →  2H 2 MoO 4 , 2W + 2H 2 O + 
3O 2   →  2H 2 WO 4 ). The results are summarized in Table  1 .  

  2.2   .   Microstructure and Surface Chemistry Associated 
with Reactive Dissolution 

 Detailed investigations involving metal fi lms in DI water estab-
lish the basic mechanisms and effects. In all cases, i) mass loss 
occurs at rates lower than the EDR, due primarily to the forma-
tion of micropores and/or pits; ii) oxides as dissolution products 
appear on the surfaces, where they can act as partially protec-
tive layers to slow the dissolution of underlying metal; iii) the 
residual oxide layers dissolve much more slowly than the metal. 

  2.2.1   .   Mg and AZ31B Mg Alloy 

 The evolution of microstructure and surface chemistry during 
the course of dissolution in DI water for Mg and Mg alloy 
appear in  Figures    2  ,  3   respectively. At a macroscopic scale, 
dissolution is uniform for both Mg and AZ31B Mg alloy 

∂w/∂t|z=0 = 0   at the bottom surfaces, Equation  1  can be solved 
by the method of separation of variables. By considering that 
one mole of metal reacts with  q  moles of water, the integration 
of metal dissolved at each location through the thickness of the 
fi lm and over time gives the remaining thickness of metal thin 
fi lms, normalized by its initial thickness  h  0  as

 

h

h0
≈ 1 − t

tc  
(2)

     

 where tc = h0qDMH2O

(√
kDw0 M

) −1
tanh−1 kh2

0/D
√

  is the crit-
ical time when the thickness reaches zero,   ρ   is the mass density 
of metal,  M  and MH2O   are the molar masses of metal and water, 
respectively. The EDR can therefore be estimated according to:

 
vEDR = −

dh

dt
=

√
kD

wo M

qDMH2O
tanh

√
kh2

o

D  
(3)

     
 Two free parameters,  D  and  k , are allowed to vary to yield 

good fi ts to the measured resistance curves in Figure  1 a–f, 
where the diffusivity D is constrained to a reasonable range 
(≈10 −10 −10 −17  cm 2  s −1 ), with reference to diffusivities of water 
in sputtered silica at RT (≈10 −11  cm 2  s −1 ) [  45  ]  and silica glass 
(≈10 −16  cm 2  s −1 ), [  46  ]  since values for the diffusivity of water in 
metal thin fi lms are not generally available in the literature. 
The following diffusivities are obtained,  D  = 6 × 10 −12  cm 2  s −1  at 
RT and  D  = 1.2 × 10 −11  cm 2  s −1  at 37 °C for Mg, Mg alloys, and 

      Figure 2.  Evolution of microstructure and surface chemistry associated with dissolution of Mg in DI water. a–d) optical images; e–h) SEM images with 
cross-sectional views in the insets; i) TEM bright fi eld image with diffraction patterns and lattice fringes; j,k) XPS data. 
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presence of Na + , Cl − , PO 4  3− , and CO 3  2−  in these solutions can 
introduce phosphates and carbonates into the surface layer. The 
transmission electron microscopy (TEM) bright fi eld images 
(Figures  2 , 3 i) illustrate metallic Mg and needle-like oxide prod-
ucts, consistent with the scanning electron microscopy (SEM) 
images. The TEM diffraction patterns and lattice fringes indi-
cate the presence of crystalline MgO, suggesting a possible 
amorphous nature of the outer Mg(OH) 2  layer. [  56  ]  These results 
are consistent with the proposed bi-layer surface oxide struc-
ture of bulk Mg dissolved in water or NaCl solution, with a 
thick outer layer rich in Mg(OH) 2  on top of a thin crystalline 
MgO fi lm. [  54,56  ]  The MgO likely forms immediately after expo-
sure of fresh metallic surface to oxygen in the atmosphere. 
The Mg(OH) 2  layer increases in thickness as the dissolution 
proceeds, due to hydration of the native MgO followed by a 
dissolution-precipitation mechanism at the expense of base 
metal. [  56  ]  As shown previously in Table  1 , the EDR is approxi-
mately four times faster than the rate of change in thickness 
for both Mg and Mg alloy. In particular, 300 nm thick fi lms of 
Mg and AZ31B Mg alloy become electrically discontinuous in 
≈1.5 and ≈3 h, respectively, as shown in Figure  1 a,b. The results 
of Figures  2 , 3 c,g suggest, however, that some base metal still 
exists at this stage. As time proceeds, the remaining metal 
reacts to leave only residual Mg(OH) 2  and MgO. Because of the 
relatively high solubility of Mg(OH) 2  and MgO in water, [  57  ]  the 

(Figures  2 ,  3 a–d). Micropores develop and the surface roughens 
and becomes uneven as dissolution proceeds (Figures  2 , 3 f,g). 
Needle-like dissolution products appear (Figures  2 , 3 f,g), con-
sistent with previous reports of bulk Mg and AZ31B alloy sam-
ples in simulated bio-fl uids. [  49,50  ]  Figures  2 , 3 j,k present X-ray 
photoelectron spectroscopy (XPS) results with peak identifi ca-
tions referenced to data by Liu et al. [  51  ]  The assigned binding 
energies are Mg (49.9 eV), Mg-(OH) (50.5 eV), and carbonate 
(51.5 eV) for Mg 2p; and Mg-O (531.0 eV), Mg-OH (532.1 eV), 
and carbonate (532.8 eV) for O 1s. The binding energies for 
AZ31B Mg alloy are Mg (49.5 eV), Mg-(OH) (51.0 eV), and 
carbonate (52.8 eV) for Mg 2p; and Mg-O (531.0 eV), Mg-OH 
(532.5 eV), and carbonate (533.5 eV) for O 1s. The increases 
in binding energies for hydroxyls and carbonates likely arise 
from the presence of Al. [  51  ]  Surface oxides/hydroxide/carbon-
ates can be found on the fi lm, even before immersion, due 
to the presence of oxygen, water vapor and carbon dioxide in 
the atmosphere. During dissolution, the outer surface consists 
mainly of Mg(OH) 2 , possibly with a small amount of MgO and 
carbonates (Figures  2 , 3 j,k), as reported previously with bulk 
samples. [  51,52  ]  The layer of Mg(OH) 2  is estimated to have a 
thickness greater than 10 nm, based on the probing depth of 
the XPS technique and the absence of metallic Mg peaks. As 
reported by other researchers, [  53–55  ]  Mg(OH) 2  is a major surface 
product of Mg corrosion in common biological solutions. The 

      Figure 3.  Evolution of microstructure and surface chemistry associated with dissolution of AZ31B Mg alloy in DI water. a–d) optical images; e–h) SEM 
images with cross-sectional views in the insets; i) TEM bright fi eld image with diffraction patterns and lattice fringes; j–k) XPS data. 
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hydroxide (OH − ) and absorbed water at surface. [  58  ]  The assigned 
binding energies are W (31.8 eV), W 4+  (32.7 eV), W 5+  (33.8 eV), 
and W 6+  (36.2 eV) for W 4f 7/2 ; O 2−  (530.8 eV), OH −  (531.9 eV) 
and H 2 O (533.2 eV) for O 1s. [  58–60  ]  TEM diffraction patterns and 
lattice fringes also suggest the presence of WO 3  as a dissolution 
product (Figure  4 i). Such surface structure is similar to that 
of bulk W materials exposed to acidic solution, as reported by 
Lillard et al., where an inner WO 3  layer and an outer loosely 
bound W hydroxide layer occur. [  61  ]  

 As shown in Figure  5 j,k, the evolution of surface chemistry 
for Mo is similar to that for W, with an initial MoO 3  native oxide, 
then a mixture of valence oxides (Mo 4+ , Mo 5+ , and Mo 6+ ) as dis-
solution products, with terminal formation of Mo 5+  oxide after 
80 d. The presence of hydroxide and sometimes absorbed water 
are also observed on the Mo surface based on the XPS O 1s data 
(Figure  5 k). The assigned binding energies are Mo (228.7 eV), 
Mo 4+  (229.5 eV), Mo 5+  (230.9 eV), and Mo 6+  (233.0 eV) 
for Mo 3d 5/2 ; O 2−  (530.7 eV), OH −  (531.8 eV), and H 2 O (533.0 eV) 
for O 1s. [  36,62  ]  The TEM results of Mo in Figure  5 i support 
the presence of MO 3  and MoO 2 . These fi ndings are con-
sistent with reported dissolution surface chemistry of bulk 
Mo materials in aqueous solution. [  36,63  ]  Degradation of W and 
Mo in salt solutions with different pH values follows dissolu-
tion patterns similar to those in DI water. The pH can affect 

oxides eventually disappear completely after 1–4 days, leaving 
only the Cr adhesion layer, as confi rmed by the XPS data 
(Figures  2 , 3 d,h,j,k). The dissolution rates of Mg oxides/hydrox-
ides are estimated to be ≈5–8 nm day −1 , determined from fi ts of 
the later stages of dissolution in Figure  1 h.    

  2.2.2   .   W and Mo 

 Results for dissolution of sputter deposited W and Mo in DI 
water appear in  Figures    4  ,   5  . As transition metals in the same 
column of the periodic table, W and Mo are expected to have 
similar surface chemistry. As can be seen, the surface mor-
phologies of W and Mo during dissolution are mostly uniform 
based on the optical observations (Figures  4 , 5 a–d). Micropores 
are evident, however, in SEM results (Figures  4 , 5 f,g) and more 
clearly in the TEM bright fi eld images (Figures  4 , 5 i).   

 XPS analysis reveals that the W fi lm has an initial native 
oxide, mostly WO 3  (Figure  4 j,k). As dissolution proceeds, a 
mixture of oxides (W 4+ , W 5+ , and W 6+ ) develops at the surface. 
The thickness of these oxides increases to values larger than 
10 nm after ≈32 h, as inferred by disappearance of the metallic 
W signal in the XPS data. Further reaction eliminates the 
W 4+  and W 6+  oxides, leaving only the W 5+  oxide (Figure  4 j,k). 
The oxygen peaks of W in Figure  4 k suggest the presence of 

      Figure 4.  Evolution of microstructure and surface chemistry associated with dissolution of sputtered deposited W in DI water. a–d) optical images; 
e–h) SEM images with cross-sectional views in the insets; i) TEM bright fi eld image with diffraction patterns and lattice fringes; j,k) XPS data. 
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fi lms. Such corrosion is commonly observed in bulk samples of 
Zn and Fe in aqueous solutions. [  35,67,68  ]    

 The evolution of surface morphology for Zn is illustrated 
in Figure  6 e–h, where both petal-like and fi ber-like dissolu-
tion products are observed. Independent of the morphology, 
the surface products are identifi ed to be mainly ZnO and 
Zn(OH) 2  with occasional presence of a certain amount of car-
bonates, as the XPS data shows in Figure  6 j,k. The assigned 
binding energies of O 1s are Zn-O (530.4 eV), Zn-(OH) 
(531.8 eV), and carbonates (530.0 eV). [  69  ]  The Zn 2p 3/2  peak 
(remaining at 1021.8 eV) does not shift in accordance with O 1s 
as shown in Figure  6 j, and therefore cannot be unambiguously 
separated. The labeled binding energies of Zn 2p 3/2  in Figure  6 j 
are Zn (1021.6 eV), Zn-O (1021.7 eV), and Zn-OH 
(1022.4 eV). [  69,70  ]  The TEM diffraction patterns and lattice 
fringes confi rm the presence of ZnO on the surface (Figure  6 i). 
The TEM bright fi eld image also illustrates a porous mor-
phology and a non-uniform distribution of surface oxide, with 
more ZnO present on the left part of the image (Figure  6 i). 
Dissolution of Zn thin fi lms in Hanks’ solutions shows similar 
non-uniform behavior, where the products are also expected to 
be mainly ZnO and Zn(OH) 2  as for bulk Zn materials. [  35  ]  Such 
Zn oxide layers are only partially protective and have relatively 
high solubility in aqueous solution. [  35  ]  

the relative concentrations of the various mixed valence surface 
oxides in ways that can alter the dissolution rate. [  28,63,64  ]  

 Due to the solubility of WO  x   and MoO  x  , [  27,65  ]  both W and 
Mo can slowly degrade in water. The EDR is ≈2–3 times faster 
than the rate of change in thickness (Table  1 ), due to the for-
mation of micropores (Figures  4 , 5 c,g,i). The corrosion prod-
ucts WO  x   and MoO  x   require time to fully dissolve after the 
disappearance of the metals; increasing the basicity can accel-
erate the rates. [  27,65,66  ]  As shown in Figures  4 , 5 j, the slowly 
decreasing peak to background XPS signals of W and Mo sug-
gest the gradual dissolution of WO  x   and MoO  x   in DI water, 
with an estimated residual thickness of 10–20 nm after ≈70 d, 
as indicated by the continued presence of XPS signal up to this 
point. These oxides are expected to completely disappear given 
suffi cient time. The dissolution rates of W and Mo oxides are 
estimated to be ≈0.2–0.5 nm d −1 . It is noted that the substrate 
signal appears after 31 d and 26 d for W and Mo respectively, 
and therefore distorts the O 1s peaks to a certain level.  

  2.2.3   .   Zn and Fe 

 Non-uniform dissolution dominates in the cases of Zn and 
Fe thin fi lms in DI water, as shown in  Figures    6  ,  7  a–d. Pitting 
nucleates in random locations and then spreads across the 

      Figure 5.  Evolution of microstructure and surface chemistry associated with dissolution of Mo in DI water. a–d) optical images; e–h) SEM images with 
cross-sectional views in the insets; i) TEM bright fi eld image with diffraction patterns and lattice fringes; j–k) XPS data. 
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not dissolve even after one month. Furthermore, the fi nal total 
thickness is more than 10 times larger than the initial value 
(Figure  1 i). Such retention of Fe oxides was also observed by in 
vivo tests. [  9  ]  These types of behaviors are generally undesirable 
for transient electronic systems. 

 Multiple options in transient metals that are fully dissolv-
able (both metals and dissolution oxide products) enable 
selection of materials to match requirements for degradation 
times in different applications. For example, medical devices 
that require direct contact of metals with biological tissues for 
signal sensing benefi t from metals that have slow but predict-
able degradation rates (e.g., W and Mo); other applications such 
as secure electronics might benefi t from rapid transience (e.g., 
Mg and Zn). For materials such as Fe, the long term retention 
of oxide products may make it unsuitable for many types of 
transient electronic systems. Moreover, various microstructures 
develop for the different metals during their dissolution. Gen-
erally, a predictable and uniform loss of mass that tracks closely 
the loss in conductivity is preferred. As in the case of rate, 
the requirements associated with a particular application will 
defi ne the importance of morphology. Transport issues upon 
dissolution can also be important. The reaction products will 
accumulate near the thin fi lm surface and, as a result, could 
potentially slow the reaction as dissolution proceeds, depending 
on whether surface reaction or diffusion of products into the 

 The surface morphologies of dissolution products for the 
case of Fe appear in  Figure   7 f–h. The XPS data (Figure  7 j,k) 
suggest that the surface layer is Fe 2 O 3  and hydroxide, with 
Fe 2p 3/2  for Fe (706.9 eV) and O 1s for Fe 2 O 3  (529.8eV) and 
hydroxide (531.2 eV). [  71,72  ]  The TEM diffraction patterns and lat-
tice fringes (Figure  7 i) indicate the presence of Fe 3 O 4 , which is 
a common corrosion product that forms after the hydroxide in 
the presence of excessive oxygen. [  20  ]  The presence of Fe oxides 
can help passivate the propagation of pits and simultaneously 
reduce the dissolution rate. The long incubation for pitting ini-
tiation in different locations and the passivation effects might 
cause the observed plateaus in time dependence of the resist-
ance (Figure  1 g). Although Zn also shows non-uniform pat-
terns of dissolution, the facile initiation of pits and high reac-
tion rates eliminate plateaus in dissolution (Figure  1 d). The 
degradation behavior of Fe in Hanks’ solution is similar to that 
in DI water except at pH 5, for which uniform dissolution and 
absence of obvious surface oxides are observed, resulting from 
the acidic environment. [  21  ]  

 Similar to other transient metals, Zn thin fi lms cease to 
be electrical continuous far sooner (≈10 times faster) than 
the thickness decreases to zero (Table  1 , Figures  1 d,  6 c). The 
hydrolysis products dissolve completely after about 5–7 d 
(Figure  6 d,h,j). The dissolution rates of Zn oxides are estimated 
to be roughly ≈120–170 nm day −1 . By contrast, the Fe oxides do 

      Figure 6.  Evolution of microstructure and surface chemistry associated with dissolution of Zn in DI water. a–d) optical images; e–h) SEM images with 
cross-sectional views in the insets; i) TEM bright fi eld image with diffraction patterns and lattice fringes; j,k) XPS data. 
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 Images and data related to the functional degradation of 
these MOSFETs induced by immersion in DI water appear in 
Figure  8 b–f and  Figure    9  . Due to the relatively fast dissolution 
rate for the metals (≈1 × 10 −3 −0.3  μ m h −1 ) compared to the sil-
icon and PECVD silicon oxide (≈0.01–1 nm d −1 ), [  1,73  ]  the degra-
dation in functionality mainly results from the loss of the con-
tacts as the dissolution proceeds. As can be seen in Figure  8 , 
MOSFETs with Mg, AZ31B alloy and Zn contacts cease to func-
tion after ≈2–8 h (corresponding to EDRs of ≈0.04–0.15  μ m h −1  
estimated by dividing the metal thickness over the time 
required to lose function), while those with W and Mo exhibit 
stable operation for ≈12 h and ≈25 h, respectively. These results 
are consistent with expectation based on the dissolution rates.  

 After the disappearance of metals and their residual oxides, 
the phosphorous doped silicon and PECVD silicon oxide can 
slowly dissolve away. It is known that silicon and silicon oxide 
can dissolve to Si(OH) 4  in basic solutions, with rates that 
depend on temperature and the concentration of H 2 O and 
OH −  [  74  ]  and, for silicon, on the doping type and level. [  75  ]  Studies 
of dissolution of SiO 2  (amorphous silica or quartz) in water at 
RT, and depending on the structure and quality, reveals rates 
that range from ≈10 −4 −10 −1  nm d −1 . [  76,77  ]  Although only limited 
data exist for PECVD SiO 2 , the rates can be expected to vary 
over a large range depending on the structure and density of 

bulk solution is rate limiting. Dissolution could be therefore 
faster in fl owing fl uids. However, this effect is expected to be 
less important in metals with slow surface reaction kinetics 
(e.g., Fe, W, and Mo) and in metal thin fi lms with small areas.   

  2.3   .   Degradation of Thin Film Transistors with Transient 
Metal Contacts 

 Mg (300 nm), AZ31B Mg alloy (300 nm), Zn (300 nm), W 
(150 nm), and Mo (80 nm), each without the Cr adhesion layer, 
are used as contacts for n-channel MOSFETs to demonstrate 
the feasibility of building transient systems based on these 
metals. The geometry of the devices, which are constructed on 
silicon-on-insulation (SOI) wafers, is illustrated in  Figure    8  a. 
The n-type region is doped with phosphorous at concentration 
≈10 20  cm −3 , with SiO 2  formed by plasma-enhanced chemical 
vapor deposition (PECVD) as the gate dielectric. The lengths 
( L ) and widths ( W ) of the channels in all cases are 50  μ m and 
400  μ m, respectively. The typical on/off ratios and mobilities 
are >10 4  and 250 cm 2  V −1  s −1  respectively, regardless of the type 
of metal. The data suggest negligible effects of contact resist-
ance, due partly to the relatively large  L . Detailed studies of con-
tacts lie beyond the scope of the present work.  

      Figure 7.  Evolution of microstructure and surface chemistry associated with dissolution of Fe in DI water. a–d) optical images; e–h) SEM images with 
cross-sectional views in the insets; i) TEM bright fi eld image with diffraction patterns and lattice fringes; j,k) XPS data. 
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The effects of pH and temperature are consistent with studies 
of bulk corrosion. 2) Oxides as dissolution products appear on 
exposed surfaces, with chemistry and structure similar to that 
observed in bulk materials. 3) The dissolution of thin fi lms 
involves two stages, beginning with a fast degradation of the 
base metal followed by dissolution of residual oxides. Such 
oxides on Mg, AZ31B Mg alloy, and Zn of 300 nm fully dis-
appear within one week in DI water. For W (150 nm) and Mo 
(40 nm), these residual oxides have thicknesses of ≈20–40nm 
and are expected to completely dissolve after several months. 
By contrast, iron oxides are relatively insoluble. 4) Mg, AZ31B 
Mg alloy, Zn, W, and Mo can be used as transient contacts for 
silicon MOSFETs. Degradation in function upon immersion 
into aqueous solutions results from the dissolution of metal; 
the Si and SiO 2  disappear on comparatively long timescales.  

  4   .   Experimental Section 
 Patterned, serpentine traces of thin metal fi lms (40–300 nm) 
deposited by electron beam evaporation (Fe) (AJA Orion 3 sputter 
system, N. Scituate, MA) or by magnetron sputtering (all others) 
(AJA Orion 8 evaporation system, N. Scituate, MA) were patterned by 
photolithography (AZ nLOF 2070 photoresist) and lift-off on glass 
substrates. The deposition conditions were 0.1 nm s -1  for Fe; 50 W, 
3 mT for Mg and AZ31B Mg alloy; 100 W, 100 mT for Zn; 150 W 5 mT 
for W; 150 W 3 mT for Mo. These conditions minimize delamination 
and maintain high quality, uniform fi lms with good yield. A layer of Cr 
(10 nm) deposited by either sputtering or electron beam evaporation 
served as an adhesion promoter, to eliminate delamination during 
the dissolution tests. The CVD W (150 nm) samples were provided 
by MIT Lincoln Laboratory. Grain size of the deposited thin fi lms was 

the fi lms. Reported results for amorphous silica can, neverthe-
less, be used as a reference, with rates approximately ten times 
faster than those for quartz. [  76  ]  Silicon nanoparticles and porous 
silicon are reported to reactively dissolve at physiological con-
ditions, [  78,79  ]  with rates in lightly doped fi lms of Si of ≈2 nm 
day −1  in pH 7.4 phosphate buffered saline (PBS) at RT. [  1  ]  For 
phosphorous doping at ≈5 × 10 20  cm −3 , the rates, as observed 
in basic solutions, can decrease by a factor of 4. [  75  ]  To confi rm 
the dissolution of the phosphorous doped (≈10 20  cm −3 ) n-type 
Si and the PECVD SiO 2  gate oxides in Hanks’ solution pH 7.4 
at RT, the thicknesses of each were measured as a function of 
time.  Figure    10   shows the results ≈0.6 and 0.25 nm day −1  for 
n-doped Si and SiO 2  respectively. The dissolution rates fall in 
reasonable range compared to the reported results.    

  3   .   Conclusions 

 The results presented here describe in detail the electrical con-
sequences of reactive dissolution of thin fi lm patterned traces 
of Mg, AZ31B Mg alloy, Zn, Fe, W, and Mo in de-ionized (DI) 
water and simulated body fl uids (Hanks’ solution pH 5–8). 
These fi ndings, combined with measured changes in mor-
phology and chemistry, provide connection to previous corro-
sion studies of these materials in bulk form. Use of the metals 
as contacts and electrodes in n-channel Si MOSFETs demon-
strate one area of possible applications in transient electronics. 
The following conclusions are important in this context: 1) 
the EDRs of Mg, AZ31B Mg alloy, and Zn (≈0.5–3  μ m h −1 ) are 
much higher than those of W, Mo, and Fe (≈10 −4 −0.02  μ m h −1 ). 

      Figure 8.  a) Geometry of an n-channel MOSFET, with a top view optical micrograph in the inset; b–f) functional degradation of n-channel MOSFETs, as 
evaluated through measurements of the drain current (Id) as a function of gate voltage (Vg) for a drain bias (Vd) of 0.2 V, with transient metal contacts: 
Mg, AZ31B Mg alloy, Zn, W, and Mo respectively. 
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body temperature. Electrical probing occurred through contacts to two 
pads located outside of the solution. The thicknesses of patterned metal 
thin fi lms in DI water were also monitored, even after complete loss of 
electrical continuity, with solutions replaced every other day to avoid 
reaching the solubility limits. 

 N-channel MOSFETs were prepared on silicon-on-insulator (SOI) 
wafers (320 nm top silicon layer, p-type, SOITEC, France). The source and 
drain areas were doped through diffusion of phosphorous at ≈1000 °C 
for fi ve minutes with thermal oxides as the doping mask, to yield a 
concentration of ≈10 20  cm −3 . The top device silicon was patterned by 
reactive ion etching (RIE) with sulfur hexafl uoride (SF 6 ) gas. The gate 
dielectrics (SiO 2 , ≈130 nm) were formed by plasma-enhanced chemical 
vapor deposition (PECVD) at 250 °C, and patterned by photolithography 
and etching in buffered oxide etchant (BOE). Metal contacts were 
deposited using the same methods as mentioned previously, but without 
the Cr adhesion layer. The transient electrical properties of the MOSFETs 

evaluated from X-ray diffraction (XRD) data analyzed with Jade software: 
Fe (10nm); Mg (22 nm); AZ31B (24 nm); Zn (13 nm); sputtered W 
(16 nm); CVD W (55 nm); and Mo (30 nm). 

 Dissolution behavior was studied in naturally aerated DI water and 
Hanks’ solution (H 8264, Sigma-Aldrich, St. Louis, MO). As a control 
experiment with Mo (40 nm thick, in Hanks’ solution at pH 8, for 250 h), 
air was continuously bubbled through the solution. The dissolution rate 
was found to be similar to those without bubbling. Given the known 
sensitivity of Mo dissolution to O 2  concentration, this result suggests 
that the O 2  concentration in the solutions is in equilibrium with air and 
does not vary signifi cantly over time. Small amounts of NaOH and HCl 
were added to the Hanks’ solutions to control the pH. A Hanna HI 9126 
portable pH/ORP meter (HANNA instruments, Smithfi eld, RI) was used 
to monitor the pH at various times during dissolution, to ensure that the 
value remained constant during the experiment (±0.2 pH units). Furnace 
with constant temperature of 37 °C was used to conduct dissolution at 

      Figure 9.  Dissolution of metal contacts in transient n-channel MOSFETs: a) Mg, b) AZ31B Mg alloy, c) Zn, d) W, and e) Mo. 
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