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(57) ABSTRACT 

NiW and NiFe microstructure alloys and other microstruc 
ture alloys are disclosed, along With a method of making 
those structures. The microstructures may have heights of 
500 pm or greater, and the alloy composition may have a 
controllable gradient if it is desired to impart different 
properties to different parts of a structure. The microstruc 
tures are harder than conventional nickel microstructures, 
and have loWer coef?cients of thermal expansion. While 
both types of alloyed microdevices have improved hardness 
and reduced coef?cients of thermal expansion, the NiW 
alloys may be primarily used Where increased hardness is 
important, for example micro-gears and other microdevices 
With moving parts that Would bene?t from increased hard 
ness at points of contact; While the NiFe alloys may be 
primarily used Where a small coef?cient of thermal expan 
sion is desirable. The techniques are especially useful for 
plating NiW or NiFe into deep recesses of a microstructure. 
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METAL ALLOY ELECTRODEPOSITED 
MICROSTRUCTURES 

[0001] The development of this invention Was partially 
funded by the Government under contract number DABT 
63-95-C-0020 aWarded by the Defense Advanced Research 
Projects Agency; and under grant number F49620-98-1 
0476 aWarded by the Air Force Of?ce of Sponsored 
Research. The Government has certain rights in this inven 
tion. 

[0002] This application pertains to the electrodeposition of 
metal alloy microstructures, for example the electrodeposi 
tion of certain nickel-tungsten and nickel-iron alloys in high 
aspect ratio microstructures. 

[0003] When a metal layer or metal structure is needed in 
a microdevice, for example to provide structural integrity, or 
to act as a conductor of electricity or heat, the most common 
choice to date has been nickel. Nickel is inexpensive, is a 
good conductor of electricity and heat, and may readily be 
deposited by electrodeposition. Unalloyed nickel has certain 
draWbacks, hoWever. It is relatively soft, and has a relatively 
high coef?cient of thermal expansion. There is an un?lled 
need for metal microstructures that are harder than nickel to 
improve mechanical performance, corrosion resistance, and 
Wear resistance. 

[0004] In many applications, it Would be desirable to 
produce metal microstructures that have a loWer coef?cient 
of thermal expansion than that of nickel, to improve dimen 
sional stability in devices that are subjected to varying 
temperatures. For example, in a LIGA micromolding pro 
cess, temperatures typically vary during the course of mold 
ing by over 100° C., depending on the particular polymer (or 
loaded polymer) used. Nickel has a relatively high coef? 
cient of thermal expansion, Which can make the precise 
replication of sub-micrometer structures or features difficult. 
For example, the length of a 500 pm nickel feature varies by 
about 0.65 pm (or 13 nm/cm) over a temperature change of 
100° C. Such dimensional ?uctuations can make it dif?cult 
to precisely reproduce features; and in extreme cases can 
even make it impossible to reproduce certain features requir 
ing a very narroW dimensional tolerance. It Would be desir 
able to have a metal mold insert Whose dimensions did not 
vary strongly With changes in temperature, to improve the 
consistency of the molding and to improve the characteris 
tics of the molded products. 

[0005] On the macroscopic scale, it is knoWn that certain 
alloys of nickel have greater hardness and loWer thermal 
expansion than does elemental nickel, for example alloys of 
nickel With tungsten (NiW) or With iron (NiFe). The NiFe 
alloy called “Invar” has a very loW coef?cient of thermal 
expansion. On a macroscopic scale, it has been used in 
precision mechanical clocks, scienti?c instruments, and 
thermostats. Invar contains about 36% nickel and about 64% 
iron. There has been some prior Work on making micro 
structures from these alloys, primarily NiFe. HoWever, to the 
knoWledge of the inventors there has been no prior Work that 
has successfully produced a NiW microstructure taller than 
about 50 pm, nor an Invar NiFe microstructure taller than 
about 100-200 nm. Nor, to the knoWledge of the inventors, 
has there been any prior Work that has successfully produced 
high-aspect ratio NiFe microstructures With an Fe content 
greater than about 45%, While most NiFe alloy microstruc 
tures have had an Fe content of about 20% or less. No prior 
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Work knoWn to the present inventors has achieved a con 
trollable gradient in the composition of a metal alloy micro 
structure. 

[0006] W. Ehrfeld et al., “Materials of LIGA technology, 
”Microsystem Technologies, vol. 5, pp. 105-112 (1999) 
revieWed several alloys and composites that have been used 
in microdevices, including NiW and NiFe alloys. 

[0007] Most of the Work that has been done in NiFe 
electrodeposition in microdevices has focused on their mag 
netic properties, particularly in alloys having a composition 
of about 20 Wt % Fe (permalloy). See L. RomankiW, “A 
path: from electroplating through lithographic masks in 
electronics to LIGA in MEMS,”Electrochimica Acta, vol. 
42, pp. 2985-3005 (1997); and V. Kanigicheria et al., 
“Enhanced adhesion of PMMA to copper With black oxide 
for electrodeposition of high aspect ratio nickel-iron micro 
structures,”Microsystem Technologies, vol. 4, pp. 77-81 
(1998). 
[0008] Invar compositions have been electrodeposited as 
thin ?lms, but the conditions used cannot be used to elec 
trodeposit into deep micro-recesses to make high aspect 
ratio structures, although, to the inventors’ knoWledge, no 
one has previously identi?ed the reasons Why electrodepo 
sition in deep micro-recesses has been dif?cult. See gener 
ally N. Phan et al., “Electrodeposition of Fe—Ni and 
Fe—Ni—Co alloys,”J. Appl. Electrochem, vol. 21, pp. 
672-677 (1991). 

[0009] M. Maksimovi&cacute; et al., “The effect of the 
periodically changing current on the electrodeposition of 
Ni—Fe alloys,” vol. 31, pp. 325-334 (1987) reported that 
electrodeposited Ni—Fe alloys had a variable composition 
When they Were electroplated (on a macroscale) using a 
pulsating current, a reversing current, or a sinusoidal alter 
nating current superimposed on a direct current. 

[0010] On a macroscale, pulsed electroplating techniques 
have been used to make deposited ?lms of metal brighter 
and smoother, to alter morphology and grain siZe. RevieWs 
of the state of the art in pulsed electroplating techniques 
include J. Dini, section 10 in “Current Modulation Tech 
niques,” M. Schlesinger et al., Modern Electroplating, pp. 
81-83 and 99-101 (John Wiley & Sons, 4th Ed., 2000); and 
F. Mueller, “Pulse Plating & Other Myths,”Plating & Sur 
face Finishing, pp. 54-55 (April 2000). 

[0011] Pulsed electroplating has also been reported in a 
feW cases as being used for microdevices, but With pulse 
time scales comparable to those that have been used for 
macroscale pulsing; i.e., there does not appear to have been 
any previous express recognition of the differences betWeen 
pulsed electroplating on the macroscale and the microscale, 
particularly into deep microrecesses. 

[0012] B. Lochel et al., “Ultraviolet depth lithography and 
galvanoforming for micromachining,”J. Electrochem. Soc., 
vol. 143, pp. 237-244 (1996) reported the pulsed plating of 
microdevices With a NiFe alloy containing 15% Fe, as Well 
as pulsed plating With gold. The pulse mode for gold Was 
conducted at 222 HZ (corresponding to a cycle time of about 
4.5 us) and a duty cycle of 0.44. The NiFe ?lms Were 
apparently less than about 100 pm tall, and there Was-no 
mention of the distribution of the composition in any of the 
resulting deposits. 
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[0013] B. Lochel et al., “Fabrication of magnetic micro 
structures by using thick layer resists,"Micr0electr0nic Eng, 
vol. 21, pp. 463-466 (1993) reported the pulsed plating of 
microdevices With a NiFe alloy containing a maximum of 
55% iron. The authors described an optimiZed deposition 
With a duty ratio of 0.4, a frequency of 250 HZ, and a pulse 
current density of about 20 mA/cm2. Resist patterns With 
structure siZes doWn to 7 nm were reported in a thickness of 
about 40 pm, or an aspect ratio of nearly 6. 

[0014] B. Lochel et al., “Galvanoplated 3D structures of 
Micro Systems,”Micr0electr0nic Eng, vol. 23, pp. 455-459 
(1993) reported the pulsed electrodeposition of Ni/Fe alloys 
having aspect ratios up to 10 (6 pm feature in a 60 pm resist 
layer). The authors described an optimiZed deposition With 
a duty ratio of 0.5, a frequency of 100 HZ, and a pulse current 
density of about 60 mA/cm2. Fe/Ni alloys With about 15% 
iron Were reported to be ferromagnetic. 

[0015] S. Leith et al., “In-situ fabrication of sacri?cial 
layers in electrodeposited NiFe microstructures,”.I. Micro 
mech. Microeng, vol. 9, pp. 97-104 (1999) reported elec 
trodeposition With pulsed electrolyte agitation, folloWed by 
etching, to produce a range of layered NiFe magnetic alloys 
having differing Fe composition (e.g., 20, 48, 55, and 68 mol 
%), but apparently having loW aspect ratios. 

[0016] V. Landa et al., “Structural properties of electrode 
posited nickel-molybdenum and nickel-tungsten alloys, 
”Plating and Surface Finishing, pp. 128-133 (May 1987) 
discusses the structural properties of several electrodepos 
ited (macroscale) nickel-molybdenum and nickel-tungsten 
alloys. The authors reported that changes in pH had only a 
slight in?uence on the tungsten content of nickel-tungsten 
alloys. 

[0017] C. Huang et al., “Study of stress reducers in nickel 
tungsten electroforming baths,”Plating and Surface Finish 
ing, pp. 79-83 (December 1999) reported that various stress 
reducers such as sodium benZene sulfonate and phthalimide 
reduced stress in several electrodeposited (macroscale) 
nickel-tungsten alloys. 

[0018] We have discovered metal alloy microstructures, 
made of alloys such as NiW, NiFe, and other alloys, and a 
method of making those structures, Where the microstruc 
tures may have heights up to 500 pm or greater, and Where 
the alloy composition may optionally have a controllable 
gradient if it is desired to impart different properties to 
different parts of a structure. The novel microstructures may 
be designed to be harder than conventional nickel micro 
structures, or to have loWer coef?cients of thermal expan 
sion, or both. The appropriate use of pulsed electrodeposi 
tion alloWs the production of the novel microstructures. We 
have also discovered appropriate electrolyte and pulse con 
ditions to make Invar and Invar-like NiFe compositions. 
While both types of alloyed microdevices have improved 
hardness and reduced coefficients of thermal expansion, We 
expect that the NiW alloys Will be primarily useful Where 
increased hardness is important, for example in micro-gears 
and other microdevices With moving parts that Would bene?t 
from increased hardness at points of contact; While the NiFe 
alloys Will be primarily useful Where a small coef?cient of 
thermal expansion is desirable. The neW techniques are 
especially useful for plating alloys into deep recesses of a 
microstructure. Prior techniques have not been particularly 
effective at plating alloys into deep recesses. We believe that 
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We have discovered one of the principal obstacles to plating 
alloys into deep recesses—an obstacle that had not previ 
ously been recogniZed. We have also discovered a pulsed 
electroplating technique for overcoming this previously 
unrecogniZed obstacle. The novel technique may also be 
used in electrodepositing other metal alloys into deep 
recesses of microstructures. 

[0019] For present purposes, a “deep recess” may be 
considered to be one having a depth of about 50 pm or 
greater, preferably about 200 pm or greater, most preferably 
about 500 pm or greater, and having an aspect ratio greater 
than about 1, preferably greater than about 5, most prefer 
ably greater than about 10. 

[0020] The electrodeposition of metals creates local Zones 
of high pH. In those conventional, macroscale, electrodepo 
sition systems in Which hydroxyl ions are generated as a side 
reaction or as a reaction product, convection eddies and 
other ?uid movement tend to sWeep aWay the hydroxyl ions, 
so that the production of hydroxyl does not adversely affect 
electrodeposition. We have discovered, hoWever, that in the 
deep recesses that are typical of high aspect ratio micro 
structures (e.g., 200 pm, 500 pm, or even deeper), these 
eddies and ?uid movements may be insufficient to remove 
hydroxyl anions or other reaction or side reaction products. 
The build-up of hydroxide ions or other products interferes 
With the electrodeposition. High pH can, for example, cause 
precipitation from the electrolyte, and the resulting precipi 
tate layer can effectively stop further electrodeposition. We 
have discovered that proper combinations of electrolyte and 
pulsed electrodeposition (relatively short current or “on” 
times, relatively long relaxation or “off” times) can prevent 
the build-up of excess hydroxyl, even in deep recesses, 
alloWing electrodeposition of much higher structures than is 
otherWise possible. The relaxation times used in our pulse 
plating are typically an order of magnitude or more longer 
than the relaxation times that have been used in conventional 
pulsed electroplating techniques. In conventional pulsed 
electroplating on a macroscale, pulsed current promotes 
small, scattered sites of nucleation, and thus smoother ?lms, 
or it permits the more efficient transport of reactants, or both. 
Although transport of reactants is also a consequence of the 
pulsed electrodeposition used in the present invention, the 
principal reason for its use is the transport of unWanted 
reaction products such as hydroxyl ions aWay from the site 
of electrodeposition, thereby alloWing electrodeposition to 
continue longer and more ef?ciently than it otherWise Would. 

[0021] In practicing the novel process, the duty cycle is 
preferably less than about 0.2, more preferably less than 
about 0.125, most preferably less than about 0.1. The on 
time is preferably greater than about 0.1 second, most 
preferably greater than about 1 second. Depending upon the 
particular setup, the on time Will often preferably be less 
than about 60 seconds, as that is often approximately the 
time that it takes to reach steady state. 

[0022] Although the initial embodiments of this invention 
have been the pulsed electrodeposition of microdevices 
formed of NiW or NiFe alloys, the novel method may also 
be used in other applications Where it is desired to electro 
plate metals or metal alloys into deep microrecesses, and 
Where the ability to electrodeposit Would otherWise be 
limited by the buildup of high pH or by other reaction 
products or side reaction products. For example, We have 
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begun also using the novel technique to electrodeposit 
NiFeW. We also plan to use the novel technique to elec 
trodeposit W With any one or more of the metals Ni, Fe, and 
Co, in varying proportions of the different metals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 depicts an electron micrograph of typical 
NiW structures 500 pm tall produced by the novel method. 

[0024] FIG. 2 depicts the measured Weight percentage of 
tungsten along the length of a 500 pm structure electrode 
posited With pulses of constant current. 

[0025] FIG. 3 depicts the measured Weight percentage of 
tungsten along the length of a 300 pm structure deposited 
into a 500 pm recess With ramping current pulses. 

[0026] FIG. 4 depicts an SEM micrograph of Invar NiFe 
deposits prepared in accordance With the present invention. 

EXAMPLES 

[0027] Electrodeposition of NiW into Deep Recesses 

[0028] We have successfully groWn NiW deposits 500 
microns tall Without cracks, and have successfully con 
trolled the deposit concentration gradient Where a gradient is 
desired. FIG. 1 depicts an electron micrograph of typical 
NiW structures 500 pm tall, electroplated into recesses in 
poly (methylmethacrylate) (PMMA); the PMMA Was sub 
sequently dissolved aWay. Since, to our knoWledge, the 
electrodeposition of NiW microstructures over 50 microns 
tall had not previously been reported, We have been able to 
controllably electrodeposit this alloy to a depth ten times 
greater than has been reported in prior literature. We used 
relatively long relaxation times in pulsed electrodeposition, 
to alloW unWanted reaction products (particularly hydrox 
ide) more time to diffuse from the recesses, thereby enhanc 
ing the ability to electrodeposit alloy. During the relaxation 
periods (no electric current), reactants are also replenished 
near the electrode surface, permitting higher reaction rates 
during the pulses of current. We determined relaxation times 
based on a mass transport analysis and the depth of the 
recess. In a deep, narroW recess, all else being equal, the 
preferred relaxation time is approximately proportional to 
the depth of the recess. By contrast, in control experiments 
run Without pulsed current, at the same applied current 
density, essentially no deposits Were formed due to an 
accumulation of hydroxyl ion inside the recess, and the 
resulting precipitation of the electrolyte (data not shoWn). 

[0029] FIGS. 2 and 3 demonstrate that the novel process 
alloWs the controlled electrodeposition of an alloy compo 
sition With either a relatively uniform composition (FIG. 2), 
or a progressively increasing concentration of tungsten 
(FIG. 3). FIG. 2 depicts the measured Weight percentage of 
tungsten along the length of a 500 pm structure electrode 
posited With pulses of constant current. FIG. 3 depicts the 
measured Weight percentage of tungsten along the length of 
a 300 pm structure deposited into a 500 pm recess With 
ramping current pulses. (In the system shoWn in FIG. 3, the 
deposition Was interrupted for analysis before the groWth 
Was complete.) The micropatterned recesses depicted in 
these particular ?gures Were produced by x-ray synchrotron 
lithography, although the novel electrodeposition technique 
may be applied to deep recesses produced by other litho 
graphic or non-lithographic techniques. The composition of 
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cross-sections of the deposited material Was measured by 
WDS x-ray analysis With an electron microprobe. In the 
former case, a uniform concentration pro?le Was found to 
result from constant pulsed currents. By contrast, a graded 
alloy Was formed by ramping the current While pulsing. The 
graded alloy had the added advantage that the processing 
time Was signi?cantly reduced (by roughly 33% in this 
example) due to the increase in current as the deposition 
progressed. 
[0030] Pulsing at higher current increases the concentra 
tion of tungsten in the alloy, and thus increases its hardness. 
Also, if such an alloy (or for that matter a NiFe alloy) is to 
be bonded to nickel, adhesion can be improved by having a 
higher nickel concentration near the nickel substrate, and 
progressively ramping up the concentration of W (or Fe) as 
one moves aWay from that substrate. HoWever, it is preferred 
that the current density should not exceed 20 mA/cm2 at the 
start of the deposition at the bottom of a 500 pm microrecess. 
If the current density is too high, then the side reaction 
(generation of hydrogen) can become too rapid, requiring an 
extremely long “off” time and introducing potential coales 
cence of gas bubbles. Large gas bubbles, like precipitation 
products, can block the electrode surface and terminate (or 
strongly interfere With) electroplating. In the case of deeper 
or shalloWer recesses, the maximum current density should 
be scaled linearly as dictated by the limiting current, Which 
is inversely proportional to the boundary layer thickness. 
The boundary layer thickness, in turn, may be estimated as 
the depth of the microrecess. 

[0031] The pulse times and current densities used in the 
examples depicted in FIGS. 2 and 3 Were the folloWing for 
the constant concentration deposit: 17.5 mA/cm2 for 15 s, 
folloWed by a relaxation time of 45 s at no current (duty 
cycle=0.25) on square posts 180 pm><180 pm><500 pm. The 
deposition rate Was 100 pm per day. The average composi 
tion Was 3.3104 Wt % W. We have also carried out a 
deposition at 10 mA/cm2, 15 s on and 75 s off (duty 
cycle=0.17). In the latter case, the average composition Was 
5511.1 Wt % W. The increase in W concentration is believed 
to have been more strongly in?uenced by the longer relax 
ation time than by the change in current density. 

[0032] A ramped-pulse current Was produced With a 
change in current density from 5 to 15 mA/cm2 in steps of 
0.75 mA/cm2 every 4 hours (i.e, 5, 10, 15 mA/cm2 each 8 
hours). The applied current duration Was 10 s, folloWed by 
a relaxation time of 30 s (duty cycle=0.25). The average 
groWth rate Was 118 pm per day, and the composition Was 
continuously graded, as depicted in FIG. 3. Less frequent 
current adjustments resulted in a more discontinuous con 
centration pro?le, but With the advantage of a faster groWth 
rate. For example, changing the pulsed current density in the 
folloWing order: 5, 10, 15, and 20 mA/cm2 for 8, 8, and 48 
hours, respectively, produced an average deposition rate of 
118 pm per day. 

[0033] We have also measured the hardness of these 
microposts, and found that the microposts containing 3.3 Wt 
% W had a hardness of 640 Knoop at the top, and 580 Knoop 
along the sideWalls, or about three times the hardness of 
unalloyed Ni electrodeposited from a sulfamate electrolyte, 
Which is the present state of the art in LIGA processing. 

[0034] The electrolyte used in the examples depicted in 
FIGS. 2 and 3 contained 0.25 M sodium citrate, 0.4 M 
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sodium tungstate, 0.2 M nickel sulfate at pH=10 adjusted 
With ammonia, at a plating bath temperature of 70° C. 

[0035] The technique of this invention may be used, for 
example, to make microstructure alloys comprising betWeen 
about 60% and 99% by Weight nickel; and betWeen about 
1% and about 30% tungsten, preferably betWeen about 1% 
and about 6% by Weight tungsten. The technique may be 
used to make microstructures betWeen about 50 pm and 
about 2000 pm long, preferably betWeen about 50 pm and 
about 500 pm; and having an aspect ratio greater than about 
1. 

EXAMPLES 

[0036] Electrodeposition of NiFe into Deep Recesses 

[0037] The Invar composition is of particular interest, 
because macroscopic Invar materials are knoWn to have a 
loW coef?cient of thermal expansion. Thus Invar microstruc 
tures Will also be useful in micro-molding applications in 
Which high dimensional stability is desired. We have suc 
cessfully deposited Invar and Invar-like alloys into deep 
micro-recesses by using long, constant current pulses, and 
long relaxation times When no current Was applied. The 
electrolyte concentrations Were modi?ed from those of Phan 
et al. (1991), Who reported electrodeposits of thin ?lms of 
Invar. We found that the process Was aided both by adding 
iron to the electrolyte, and by eliminating chloride. 

[0038] FIG. 4 depicts an SEM micrograph of the Invar 
NiFe deposits. Plating conditions that We found to produce 
a uniform concentration of iron and nickel along the length 
of the 2electrode Were an applied current density of 8.5 
mA/cm for 10 s, folloWed by a relaxation With no current for 
35 s (duty cycle=0.22). The plating rate Was 50 pm per day. 

[0039] The electrolyte used in these examples contained 
0.72 M nickel sulfamate, 0.155 M ferrous sulfate, 0.5 M 
boric acid, 0.001 M sodium lauryl sulfate, 0.011 M ascorbic 
acid and 0.008 M saccharin, pH=2.0 adjusted With sulfamic 
acid. The bath temperature Was 40° C. It is preferred to add 
iron to the electrolyte, e.g., ferrous sulfate, to inhibit the 
formation of microcracks. The concentration of iron We used 
Was less than that reported by N. Phan et al. (1991). 
Saccharin and ascorbic acid help to decrease the internal 
stress in the plated structure, and to minimiZe the formation 
of ferric ions in the electrolyte, respectively. 

[0040] We found that the concentration of ferrous sulfate 
Was important in achieving the desired iron alloy concen 
tration of ~64%. We found an optimum electrolyte concen 
tration of ferrous sulfate to be about 0.155M. Because iron 
species in the electrolyte can inhibit the reduction of nickel 
and thus change the composition of the deposit, the concen 
tration of iron in the electrolyte can be particularly impor 
tant. We found that at a slightly loWer iron concentration 
(0.147 M), the NiFe microposts contained only 58 Wt % Fe. 
We also found that using ferrous sulfate helped in making 
high quality structures, rather than the ferrous chloride that 
Was typically used in earlier deposition techniques directed 
to making thin ?lms. The sulfate reduced stress in the 
deposited structures as compared to the chloride. Deposits 
made With the chloride typically shoW undesirable microc 
racks. Without Wishing to be bound by this theory, it is 
believed that sulfate leads to the incorporation of small 
amounts of sulfur into the alloy, reducing stress and crack 
mg. 
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[0041] A sample of Ni—Fe Invar microposts prepared in 
accordance With the novel method Was sent to an outside 

laboratory for testing (Stork Technimet, NeW Berlin, Wis 
consin). Under a 300° C. heat treatment, the coef?cient of 
thermal expansion of the microposts Was comparable to that 
of bulk Invar. At 265-300° C., the NiFe microposts had a 
measured coefficient of thermal expansion of 6.24 pm/m-° 
C. For comparison, the reported value for bulk Invar 36 from 
WWW.matWeb.com (Carpenter) is 4.18 pm/m° C. We Will 
also measure the coefficient of thermal expansion of the 
NiFe microposts at 20° C. (folloWing preliminary heat 
treatment). We expect the value to be close to that for bulk 
Invar 36, about 1 pm/m-° C. 

[0042] The technique of this invention may be used, for 
example, to make microstructure Invar or Invar-like alloys 
comprising betWeen about 58% and 70% by Weight iron; 
and betWeen about 30% and about 42% nickel; preferably 
about 64% iron and about 36% nickel by Weight. The 
technique may be used to make microstructures betWeen 
about 50 pm and about 2000 pm deep, preferably betWeen 
about 50 pm and about 500 pm; and having an aspect ratio 
greater than about 1. 

[0043] “Super Invar” microstructures may also be made in 
accordance With this technique. A “Super Invar” alloy com 
prises by Weight about 32% Ni, about 58%-65% Fe, and 
about 3%-10% Co. The concentration of cobalt in the alloy 
may be adjusted by adjusting the concentration of cobalt in 
the electrolyte bath, for example as cobalt sulfate. The 
concentration of cobalt in solution Will not, in general, be 
directly proportional to the resulting concentration of cobalt 
in the deposited alloy, due to interaction With other metal ion 
reduction reactions. 

[0044] Different authors have sometimes used different 
de?nitions of “duty cycle.” Unless context clearly indicates 
otherWise, as used in the Claims beloW, and as used in the 
present speci?cation, “duty cycle” refers to the ratio of (on 
time) to (on time plus off time) in a pulsed electrodeposition 
process. For example, a pulsed electrodeposition process 
having an on time of 10 seconds and an off time of 40 
seconds has a duty cycle of 0.20 under this de?nition. 

[0045] The complete disclosures of all references cited in 
this speci?cation are hereby incorporated by reference. Also 
incorporated by reference are the folloWing instances of the 
inventors’ oWn Work, none of Which is admitted to be prior 
art to this application: P. Datta et al., “Design and Fabrica 
tion of Thermomechanical Microactuator for High Tempera 
ture Applications,” poster presented at HARMST (High 
Aspect Ratio Microsystem Technology) 2001 Conference in 
Baden-Baden, Germany (Jun. 17-19, 2001); L. Namburi et 
al., “Electrodeposition of Ni—W alloys into deep recesses,” 
Abstract, Joint 200th Meeting of the Electrochemical Soci 
ety and the 52nd annual meeting of the International Society 
of Electrochemistry (San Francisco, Calif., Sept. 3, 2001); L. 
Namburi, “Electrodeposition of nickel/tungsten alloys into 
deep recesses,” M. S. Thesis (Louisiana State University, 
Baton Rouge, La., submitted October 2001); and P. Datta et 
al., “A Microfabricated Recurve Bimetallic Actuator,” 
abstract for Micromachining and Microfabrication Process 
Technology VIII Conference, to be held January 2003, 
abstract submitted prior to the ?ling date of the present 
application, but, to the inventors’ knoWledge, not believed to 
have been published as of the ?ling date of the present 
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application. In the event of an otherwise irreconcilable 
con?ict, hoWever, the present speci?cation shall control. 

We claim: 
1. A rnicrostructure comprising a metal alloy, Wherein: 

(a) said alloy cornprises betWeen about 50% and about 
99% by Weight nickel; 

(b) said alloy cornprises betWeen about 1% and about 
40% by Weight tungsten; 

(c) said rnicrostructure is betWeen about 50 urn and about 
2000 urn deep; and 

(d) said rnicrostructure has an aspect ratio greater than 
about 1. 

2. A rnicrostructure as recited in claim 1, Wherein said 
alloy cornprises betWeen about 1% and about 6% by Weight 
tungsten. 

3. A rnicrostructure as recited in claim 1, Wherein the 
fraction of tungsten in said alloy varies as a function of 
position. 

4. A rnicrostructure as recited in claim 1, Wherein said 
rnicrostructure is betWeen about 50 urn and about 500 urn 
deep. 

5. A rnicrostructure as recited in claim 1, Wherein said 
rnicrostructure has an aspect ratio greater than about 5. 

6. A rnicrostructure comprising a metal alloy, Wherein: 

(a) said alloy cornprises betWeen about 58% and about 
70% by Weight iron; 

(b) said alloy cornprises betWeen about 30% and about 
42% by Weight nickel; 

(c) said rnicrostructure is betWeen about 50 urn and about 
2000 urn deep; and 

(d) said rnicrostructure has an aspect ratio greater than 
about 1. 

7. A rnicrostructure as recited in claim 6, Wherein said 
rnicrostructure is betWeen about 50 urn and about 500 urn 
deep. 

8. A rnicrostructure as recited in claim 6, Wherein the 
fraction of iron in said alloy varies as a function of position. 

9. A rnicrostructure as recited in claim 6, Wherein said 
alloy comprises about 64% by Weight iron, and about 36% 
by Weight nickel. 

10. A rnicrostructure as recited in claim 6, Wherein: 

(a) said alloy cornprises betWeen about 58% and about 
65% by Weight iron; 

(b) said alloy cornprises betWeen about 32% by Weight 
nickel; and 

(c) said alloy cornprises betWeen about 3% and about 10% 
by Weight cobalt. 

11. A rnicrostructure as recited in claim 6, Wherein said 
rnicrostructure has an aspect ratio greater than about 5. 

12. A rnicrostructure comprising a metal alloy, Wherein: 

(a) said alloy cornprises tungsten and one or more rnetals 
selected from the group consisting of nickel, iron, and 
cobalt; 

(c) said rnicrostructure is betWeen about 50 urn and about 
2000 urn deep; and 

(d) said rnicrostructure has an aspect ratio greater than 
about 1. 
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13. A rnicrostructure as recited in claim 12, Wherein the 
composition of said alloy varies as a function of position. 

14. A rnicrostructure as recited in claim 12, Wherein said 
rnicrostructure is betWeen about 50 urn and about 500 urn 
deep. 

15. A rnicrostructure as recited in claim 12, Wherein said 
rnicrostructure has an aspect ratio greater than about 5. 

16. A process for making a metal alloy rnicrostructure; 
Wherein the alloy comprises two or more rnetals, at least one 
of Which metals is selected from the group consisting of 
nickel, iron, tungsten, and cobalt; said process comprising 
the steps of: 

(a) supplying into a mold an aqueous solution comprising 
salts of the metals, Wherein the shape of the mold is 
complementary to the shape of the rnicrostructure to be 
made, and Wherein the mold includes one or more deep 
recesses having a depth of at least about 50 urn, and 
having an aspect ratio greater than about 1; 

(b) depositing the metals from the aqueous solution into 
the mold by pulsed electroplating; Wherein the electro 
plating pulses have an on time that is suf?ciently short, 
and a duty cycle that is suf?ciently loW, that the 
products of the electroplating reactions and the prod 
ucts of any side reactions do not accumulate in con 
centrations that are sufficiently high to substantially 
interfere With the electroplating of the desired alloy into 
the deep recesses; and Wherein the duty cycle is less 
than about 0.2; and Wherein said depositing step is 
continued until a metal alloy rnicrostructure has been 
formed having a height of at least about 50 urn, and 
having an aspect ratio greater than about 1. 

17. A process as recited in claim 16, Wherein the duty 
cycle is less than about 0.125. 

18. A process as recited in claim 16, Wherein the duty 
cycle is less than about 0.1. 

19. Aprocess as recited in claim 16, Wherein the on time 
is greater than about 0.1 second. 

20. Aprocess as recited in claim 16, Wherein the on time 
is greater than about 1 second. 

21. Aprocess as recited in claim 16, Wherein the on time 
is less than about 60 seconds. 

22. A process as recited in claim 16, Wherein the mold 
includes one or more deep recesses having a depth betWeen 
about 50 urn and about 500 urn deep. 

23. Aprocess as recited in claim 22, Wherein at least one 
of the deep recesses has an aspect ratio greater than about 5. 

24. A process as recited in claim 16, Wherein the alloy 
cornprises nickel and tungsten. 

25. A process as recited in claim 16, Wherein the alloy 
cornprises nickel and iron. 

26. A process as recited in claim 16, Wherein the alloy 
cornprises nickel, iron, and cobalt. 

27. Aprocess as recited in claim 16; Wherein one or more 
parameters selected from the group consisting of current 
density, on time, and duty cycle are varied as a function of 
time during the pulsed electroplating; and Wherein the 
variation is sufficient to cause the composition of the alloy 
to vary as a function of depth. 

28. Arnicrostructure produced by the process of claim 16. 
29. Arnicrostructure produced by the process of claim 17. 
30. Arnicrostructure produced by the process of claim 18. 
31. Arnicrostructure produced by the process of claim 19. 
32. Arnicrostructure produced by the process of claim 20. 
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33. Amicrostructure produced by the process of claim 21. 37. Amicrostructure produced by the process of claim 25. 
34. Amicrostructure produced by the process of claim 22. 38- Amlcrosmlcmre Produced by the Process of clalm 26~ 
35_ Amicrostructure produced by the process of Claim 23 39. Amicrostructure produced by the process of claim 27. 

36. Amicrostructure produced by the process of claim 24. * * * * * 


