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We present silicon etch rate measurements from wagon-wheel patterns and widely 
separated V-grooves etched in potassium hydroxide solutions. The data indicates there is  
a reactant depletion effect when using wagon-wheel patterns, which obscures the nue 
suiface-reaction-rate-limited etch rate. Etch rates obtained from widely separmed V­
grooves, which are less influenced by reactanuransport, indicate that the activation energy 
of I I 11) etching is less than that of (100} etching, in contrast to previous reports. Our 
experiments yield activation energies of 0.53 eV for (III} planes and 0.62 eV for ( JOO} 
planes. The apparent actjvation energy is rughly sensitive to slight angular misalignments 
off the (111}. 

1. Introduction

The anisotropic etching of silicon in potassium hydroi.ide and other solutions has been 
broadly used in our laboratory and elsewhere to fabricate V-grooves for optoelecttonic 
devices, including silicon waferboards,I•> 1 x N optical fiber splitters, I x N optical 
switches and 2 x 2 optical refractive plate switches.t2> Knowledge of the behavior of
anisocropic etching of ( 111 I and near ( 1111 planes is necessary for the fine design and 
precise con1rol of V-groove etchlng. 

1be fltct that the etch r11te of ( 1111 silicon planes is much lower than the etch rme of 
other crystallographic planes is a fundamental property of anisotropic etcrung. It i s  
because of this behavior that deep V-grooves can be fabricated with a precisely defined 
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apex angle. Despite the importance of this fact, the fundamental mechanisms underlying 
the crystallographic etch rate anisotropy are sti II controversial. Interestingly, two of the 
leading theories of anisotropic etching, fonnulated by Seidel et al.0> and Elwenspoek,1"> 
both invoke the idea that the activation energy of etching 1111} planes is larger than that 
for ( I 00} and ( I l 0) etching. 

Data in the literature describing the activation energy of ( 1 1 l I silicon etching is sparse. 
Faust('l determined the activation energies of { I 00}, { II 0), and { 11 I } si !icon etched in 
NaOH, based on etch pit data. No difference in activation energies was found for these 
three orientations. The activation energy for the JO% NaO H solution was 0.56 e V, for 25% 
and 50% NaOH, the energy was 0.73 eV. Seidel et at.m described their experin1ental 
re.suits as follows: " ... for KOH solutions, < II 0> etches about 60% faster than< 100>, with 
nearly identical activation energies of 0.61 and 0.59 eV, respectively. The activation 
energy of <I I I> is approximately 0.7 eV." (Page 3617 in Ref. 3) 'lbese results were 
obtained from etch rate experiments measured with wagon-wheel shaped mask patterns, 
consisting ofV-grooves with different angles arranged in a spoke configuration. When this 
kind of mask pattern is used, the etched areas are physically very close to e.ach other near 
the center of the pattern. Nearly identical values were later published by Camon et ai.'61 

Clark and EdeUC1lfound activation energies ranging from 0.39 to 0.92eV for ( 111 } etching 
of Si in KOH, depending on the concentration. T abata et al.(1<1 also found a dependence of 
the activation energy on concentration for Si etching in TMAH, with values ranging from 
0.36 to 0.50eV for (I 11 } planes. 

In this work, we investigated widely separated V-grooveetch rates, in addition to etch 
rates obtained with a wagon-wheel mask. We found that closely spaced V-grooves 
consistenUy etch at a slower rate than widely spaced V-grooves, which implies that 
reaction rates are affected by the diffusion of reactant ancVor product species. To obtain 
accurate estimates of the true reaction-rate-Ii mi led etch rates, these diffusion effects must 
be minimized. Also, we found that errors arising from the slight misalignment of the wafer 
flat must also be taken into consideration. When these corrections are made, our res uJ ts 
indicate that the activation energy of {1 11 } silicon etching is less than that of (JOO}. This 
paper describes our experiments, and discusses the discrepancy between our results and 
previous estimates of the ( 111 I etch rate activation energy. 

2 Experimental Procedure 

One hundred millimeter, N-type, float-zone silicon wafers ~re obtained from Topsil. 
The wafers were single-side polished, with the polished side oriellled within ±1° of the 
(JOO) crystalline plane. The major flat on the wafers was specified to be within ±1° of the 
(O J T) plane. Electrical resistivity was approximately 5000 !'!-cm. The wafers were 

coated with LPCVD silicon nitride and patterned before etching. 
Three major sets of pattems were used: 

( I) A first set of open-ended V-grooves consistedof'.?.7 patterns over an angular range of 
±0.65° in fine increments of0.05°. Each pall em was 70 µm wide and 3 mm long, and 
was separated from adjacent patterns by approximately 1500 Jtm. This large separation 
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of the patterns, considerably larger than the individual V-groove widths, is key in 
interpreting our etch rate results. 

(2) A second set of 69 open-ended V-grooves over an angular range of ±17 .0° in coarser 
increments of 0.5°. The si1.e and spacing of the pallems are otherwise identical to lhe 
first set. 

(3) A third set of 360 V-grooves arranged in a wagon-wheel pattern with an angular 
increment of I .0°. Bach pattern was 40 tlrn wide and appro,dmately 12 mm long; the 
overall wagon-wheel diameter was 25 mm_ 
To reduce the effect of wafer misorientation off the surfare (100} plane on the 

measurement results, each set of designs was duplicated, with one set par,~ lel to the major 
flat, and the other perpendicular to the major flat. An additional preal ignment pattern was 
used to ensure the. mask alignment along the [I I 0] crystal direction to within 0.05°.1.'JJ 

A Rowley 5-liter quartz reflux condenser was used for the etching experiments. A 
Fluoroware JOO-mm wafer carrier was placed inside the vessel to hold the sample 
vertically during etching. The entire system was placed in a Lauda M20 constant 
temperature bath with a controller capable of holding the solution temperature constant to 
within 0.J°C. The large volume of the quartz condenser was helpful in maimaining a 
constant etch temperature. A Tefloo-coated type-J theanocouple was inserted through the 
renter tube of the condenser cap into the solution to measure the actual temperature near 
the etched wafer. 

The 35 wt% KOH etching solutions were prepared by mixing VLSI low-particulate­
grade potassimn hydroxide solution (45%} with deionized water for a total volume of 5 
liters inside the quartz condenser. Then, 500 ml of 2-propanol was poured inside the 
condenser to oversaturate the solution. Although cooling water was kept flowing continu­
ously through the cap oft he reflux oondenser at all times, the 2-propanol was occasionally 
topped off to maintain a cap of alcohol on the top of the KOH solution. 

V-groove widths were measured with an Olympus model BX60M optical microscope 
eqtupped with an OSM-4 Filar Micrometer. The total V-groove underetch was detem1ined 
by the width differences before and after etching, or by measuring the widtb of the 
overhanging mask layer. (The silicon nitride used as a mask layer has a negligible etch rate 
in KOH.) The minirntun resolvable linewidth increment which cowd be obtained with our 
instrument is 0.1 /lln 

We measured the V-groove width at five separate points along each groove. TypicaUy, 
the .standard deviarion of these five measurements was less than 0.15 µm. lo the next 
section, we desctibe our procedure for determining the etcb rate of near I 1 l 1) planes from 
a set of grooves; depending on the particular set of siructures, we used from 75 to 380 
individual measurements to obtain a set of etch rates at a particular tempcratltre. 

The depth of the etched patterns was measured with a strrfare profi lometer, a Tencor P­
l 0, which could measure depths up IO 300 µrn Ten measurements of etch depth were taken 
for each wafer. The averdge standard deviation of etch depth measurements was less than 
2 Jim. Since the etch depth values were about forty times higher than the underetch 
dimensions, the relative precision of the depth measurements was slight! y greater than the 
lateral V -groove measurements. 
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3. Experimental Re'lnlts 

3. l Separated V-grom1es and vagon-wheel f)(Jtterns 
Lateral u.oderetchlng was measured from lhe second (coarse) set ofV~grooves and 

w.agon-whcel pa1tems on lhe same wafer. A typical set of results is ploued in Fig. I ; the 
widely separaie<l V -groove dam is. show11 in circles, while the wagon-wheel data i • 
indicated wilh boxes. In Lhis and cmer experimenl,;., i L was fouad that the tmdetetch rate of 
widely separated V-grooves always exceeded thal of the corresponding wagon-wheel 
pattern. 

'These results demonstrate that the measured etch rate dep;:nds n I.be lithographic 
pattern. Closely spaced pallems, such as those foood in a f.landard wagon-wheel mask, 
re.suH in etch rates slower than the true surface-reaction-rate-Jimited vallle. this is Lo be 
expected if transport effects J imil lhe am<'.lunl f read ant available for the etch Teactinn. 

3.2 Under,eJch raies near { 11 l} planes 
o acCl1ra1ely measm:e 1he LIIlderetchrates near 111} planes, 1he wafers were aligned 

\l.ilh a prealignmenl mask and pre.-e1ched LO account for lhe mis.alignment angle between 

the wafer flat and the true (01 l)Crysi.al plane. In lhis way lhe etching mask would be 

aligned with ihe true crystal oriemation to within .05°. Mea urenlenls of lhe near [ 111 J 
underc ut rates were performed ILISing lhe first set of patterns with widely separated V-

1000.---,...--- ,.----- ..---..----r---..---,.,---~ 

-2tl •HI 0 10 
Mis11'1igu.roen lAngl.e., deg,er:s 

Fig. I.. Lateral 11ndercut rates of Separated V-groove and. agon-whttl p,atterll.>. In e\lel)' case, 
closely spaced wagon-wheel patterns etch more slowly lha.n widely sepacmted V -g:rooves. (E[d1 

ool1Clitions: 35% KOH. 38.4"C, 8 h) 
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grooves rangiag from -0.65" ta +0.65° in .fiae angular iocrernems f 0.05". A typical Ie:Slllt 
i.s sbowa .in Fig. 2 aloag w ilh a least-squares fitted cn:rve: 

u :a: 0.5 5 0.639(,0-0.030 \ I) 

where u is the tmdercuuate (in /tmlhr , and 8i:s lhe misalignmeat angle i.n degrees. (Again 
ea h one of the ·ircles in Fig . 2 represeats five separate measured data points.) The 
mininmm of this curve, 0.545 Jnnlhr, correspoads to I.he uaderetch Tate of a V-groo,ve 
perfectly aligned to a<llO> direc~ion, with faces composed of [111 l crystal plaaes. This 
minimw:n oc.c.urs a.I 0.030 degrees, weU within the 0.05-degree alignment tolerance af­
f rded by the prea! ignment ma:skin_g procedUJe. 

Using this procedure, the determinati a of the [ 111 J et h rale uses the full sel of 75 
measureme-nts. for each etch temperature. Ia addition. we tan use the lea.st-squares fitted 
curve to extr,act the etch rate of crystal plane .slightly mi~aligned from the {111} . The 
fitted parabolas ea h ha e correlmion coefficients in excess f 0.992, confinning the 
mbusble.ss f the experimental ch!tt. 

3 . .) Aclivation energies of/11 lj and {JOO} in35%KOH sofoncms 
TI1e [ 111) etch rate cm be rel led to the one. ide lateral u.nderetc.h r. te of fl <1 W>­

oriented V-groove by thefoilowi.ng equation: 

l.11,------r- -.,,-------r--- - -,-----,---, 

0.9 
.. 

i 
E.. 

t 0.8 
c:::; 
.;; 

" 
tl 
"" = 0.7 

'ill 
t 
.; 
,-l 

0.6 -

05~---- ~---~---~----
•l.D 0 115 J .O 

l\rnmligb1llclll, Al1g1t. dl'gree:i 

fig. 2. La!era! undemch rates .in the vicinity of {11 l'} crystal phlnes measured on. a (100) wal¢r. 

The solid line. is a leasl•Squa:res fit 10 the experimental dala. (Etch conditiot:is: 35% KOH, 70. OC, 
260 min 
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rp111 = I¼ 1o;,. sina, (2) 

where r 1111 J i:s the etch r:ueaf lhe {] 11} cryslaJ planes, lt.,11 0,. is the lateral llllderetch rate of 
a i::eifectly <l10> aligned V-gmove, and a = 54.7" is !he dihedi:al angle between P 11 I 
faces exposed by I.he etch and thesLnface I 00)crys!al plane. We used the minimum values 
of the lateral etch rnl:e as a function of111.Uialigmm~.ntangle, from Fig. 2, for the vah1eof u <l!>O,, 

fl 00} etch rates were detenn.ined from di reel measurements of the V-gmove etah depths. 
A serie • of control led tempermtu:e experiments were earned mlt to obtain the apparen! 

activation energies of {Ill] and (JOO] etch rateS. The etc.h time was varied with the 
lempera~ure in order lO ob!ain a simiJar amount (aµprox:imately 5 Jlm) of tmderei.ch in those 
V-giooves aligned in the <l l O> crystal directions. This was done. to avoid emm which 
could re&'Wt if widely differentamOU11ts ofmufercut which would be the case ifisochmnaJ 
etching were performed were measured with differem magnification settings. 'The 
approximate etch time fm each temperal:ure was esrunated by asstlilling a { 111 J activation 
energy of0.7 eV.13) 

In practice, the f 11 l} etch rates are based 011 a large set of experimen r:al measurements. 
A series of under-etch measurements for various V-gr:oove misaligmnent angJes. were taken 
and plotted. For each temperatrue, a least-squares parabola 'WllS. litted l'Il the dal:a, similar to 
that ~h0\\111 in Fig. 2. The minimllID in this curve corresponds to the Jarceral nnderetch mte 
of a perfectly aligned <110> V-g:roove, which is subsequen!ly 0011verted in to a {111} etch 
rate smg- eq. (2) . This procedme e]jminates mask and wafer flat misaJignment as a 
possible soLIIce of error. in adclition, the t 1 11 l etch rate values al: each temperature are the 
resu It of m1 meroos (~ 75) memmrernents, at many misalignment angles, and are not derived 
from measltfements of a single V-groove which could be misaligned. 

Our results are lisled in Table 1, which shows the ecJUations describing lea.st--squnred­
enur parabolas de.rived from this set of experiments. Due to l:he prealign.ment l)Iocedtrre, 
almost all patterns were well controlled with rI 101 mi<rnlignment angles of less than 0.05°; 
lhe single e..1Ccept:ion, wafer 4, had a sli,ghtly larger mask misalignment The [ IO0 J etch 
rn:tes are hased on the depth meas.urements of V-grooves cm !he same wafers, and me not 
sensitive to mask misalignments. 'Jlte tempemtt.1re dependeoce for !he I l 11 l and I I I 
etch rates arc ploU.c<l in , g. 3. ·The cakuJatcd activation energy for the f 100 j etch rate is 
0.62i!V which is comparable to Seidel et al: s01 resultof0.61 eV in 4% KOH solution, In 

Tab.le 1 
Lateral 11.i!dei:cut 1:dff: as a l\rnction of temperanrre. 

Wafer Experimc.11tal oondit:ions 

I 
2 
3 
4 
5 

85.2"C. 9fl min 
70.3-C, Z60 mi:11 
60.2"C, 8.5 b 
50.2-C, 21 b 
402."C, 48 h 

lJnden.,H rare , µm/b 

111 "" l.J 8 + 321 * (G- 0.03 ) 
ll-"'0.545 +0.639 *(0-0,03 2 

1, = 0.303 + o.39 * (0 + o.rn f 
u = 0.188 + 0.168 * (0 + 0.1 Of 
u == O.IUO 0.071 *(0-O.0l 1 

rrcla:r:ioo coefficien t 

0. 9'l 
0:995 
0.993 
0.9% 
0.994 
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Pig. 3. Arrhenius plot off 100 J and [ I J 1] ttching rates in 35% KOH obtained from widely 
separatoo V-gi:0011es. 

the same experiment, lhe activation energy of [ I. 11 I elching is 0.53 eV. For b th 
orie111.ations, we estimate 1be suindard errono be±O.m eV. 

The l 11 l) resulis are replotted in Fig. 4, with lines representing both lhe calculated 
0.53 eV activation energ}' derived from I.he darn.. and the reported valueM0.7 ev.m Error 
bars are not included on 1.he graph because they would b 100 small to see; the standard 
error in ow- me.asuremems falls within Lhe radius of 1.he circles representing Lhe etch rrues. 
We observe that there is no way for the {111 I e perimental data to accommodate an 
activation energy s;ignificamly higher than 0.53 eV. 

Based on lhe equations of l.he fitting curves Ii.sled in Table I , the apparenl acti valion 
energies □f -groove etching with misalignment llflgfos from 0. 1" to 0. 6° have been 
calculated and are lisled in Table 2. We see lhat even minor misalignments off the 11 I I} 
res11h in different activation e.nergies, closer to the [ 100] value of 0.62 eV than the true 
[ I 11 ) val Ile. This again illuslrales the imporl.ance of accurate mask/cryslal alignmenl in all 
deterrn.inalions of etch behavior. 

-4. Discussion 

Figure 1 shows l wo sets .of lateral 11nderetch data, measured on the same wafer. This 
experiment clearly indicates that the [ 111 ) etch. rate of widely separate.cl •grooves is 
larger Lhan that closely spaced wagon-wheel pa\!erns. This resuh can be ex-plained as 
foUows. During chemical etching, th reacting specie.s are conli.nually consume.cl at lhe 
surface . .As aresull, a concenmition gradiem direc1ed .from the reacting surface imo lhe 
bulk of the rolution is established; th.is conoenrralion gradient is the force which drives the 
reacting species t wards the s.utface by diffusion. The overall kinetics of the etch will be 
delerminedby the sloweroflbe two processes ofreaction and diffusion. There is a general 
crilerioat•O} to distinguish l.h kinetics of aqueous chemical pmces.ses; the appa.rem ace.iv a• 
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~ IJ.1 
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2..7 ]:;9 3.0 3.1 
IOOO!f, K:"1 

F1g. 4. AFrhenim. plot ot" f I ll ) etching da la, wirh li1ll!S represenililg '"iucs conespondi.ng 10 a Li va1i.on 
energies of0.53 eV (solid) and 0.1 eV (dolled). 

Tab!~ 2 
Apparent a li'valion energy of erchlllg near l I 11) plat1es and [ 100} plruies. 

Ccy ta.Ilographic plane 

(l ! l) 
\I-groove sidewall witb 0.1" misalignment 
V-groove sidewall with 0.2° misalig]lll1etu 
V-groove sidewall wilii 0.3" misalignment 
V-groove sldewa.11 with 0.4° misaligrunent 
V-groo¥t:. sidewall with 0..5° misalignment 
V-gmove sidewall with 0 .6° misaligllment 

(100) 

Apparent a tivaliolil energy 

0.53 eV 
0.53 cV 
0.5 ,i,V 

0.56eV 
u.57 eV 
0.59eV 
0.61 eV 
0.62a 

lion energy is abou t0.13 - 0.26 eV for diffusion-limited processes, butl:iigber, about 0.43 
-0.86 e V. for reaction-limiled proce es. The activation energy of { 111} e.1ching found in 
our experime.ots, 0.53 eV, is in the range of a mface-reac!ion-limi led proress. In 
experirnen!S with wagon-wbe.el patterns or closely ·paced -grooves the presence of 
nearby patlems call'ies oompe!i!ion for availablemactun sp.ecies. This compe.tit.ion results 
in a local depletion of reactant, driving the reaction more slowly 1:han for widely spaced 
paHems where l.llere i amp] e supply of reactan l, 

Tbis e::qJlanation is inagreemean wi!h ol.he,r observations of diffusion-limited etching of 
sernicondoclors. Shaw pn Tan es al.n:i.i and Findler e1 at.1131 aU ol:Nerved etd:i profiles where 
!.be etch depth in !he renter of etched patterns is more shallow than at !he edge. Thls e.ffecL 
ran be ex.pl ai.ned in terms of i.he difference between the diffu.sion-limi~ed transport of 
reactants near the mask edge and the centet f the etchedpanern. SeideJ el al. (page :1, 618 
m ref. 3 also reporled lhat ··some deplehon effe.c!S are observable" du.ring KOH elc:hing. 
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Experiments incorporating wagon-wbeel or closely spaced patterns provide techno­
logically important measurements of etch nue, if these meaSllrements are applied to 
processes u.si.ng comparably spaced patterns. This is often tbe case in silicon micromacbining 
where tbe aim is to maximu._,e device density. However, tbe presence of diffusion effects 
renders lheseresults less useful for investigating the fundamental physical processes at the 
surface wtuch govern anisotropic etcbmg. Here, Clanf ymg the energetics of Lhe surface­
reaction-limited process is the desired goal; it i.~ therefore important to minimize transport 
effects to obtain accurate values of the activation energy. 

When this is carried out, we observe the unambiguous result that E,,11111 <E11.c,oo,, (0.53 
eV and 0.62 e V, respectively). This result is significant as the slower etch rate of ( 111 J 
surfaces isconventionallyexplained in terms of physical processes requiring more energy 
than l I 00 J etching. 

Since our samples have both widely spaced V-grooves and closely spaced wagon­
wheel patterns, we can compare the etch behavior observed with the l\\o mask patterns. 
Owing 10 the coarseness of the angular increment in the wagon-wheel pattern, we cannot 
quote a quantitative value of the activation energy for ( 11 IJ etching from the closely 
spaced patterns. However, it is possible to make a strong qualitative statement about the 
relative activation energies for [ 111 J and ( I 00) etching. Figure5 illustrates wagon-wheel 
patterns after etching for two etch temperatures. Tbe dotted circles indicate the extent of 
lateral underetcbing for [ 111 J planes; the radii of these circles are proportional to the 

T = 70 °C T = 40 °C 

Fig, 5. Appeanlllce of wagon-wheel ml!Sk paucms after etchingio 35% KOH. The cicb depths (i.e., 
io lhe 1100] dircetioo, into lhc plane of the paper) are 155 µm for I.he sample on lhc lefl (eichod at 
70.3°C) and 227 pm for the sample on lhc right (e,ched at 40.2°C). The diagrams illustrate lhc four 
<1 1 O> di=tions in the ( I 00) plane; v .grooves aligned along these dire<:tlous have sides defined by 
[ 111 \ planes. The length of lhe radius from lhc cenier to lhc panem cusp along lhcsc di rections is 
proponiaial to the ( 11 J I etch mte. 
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f 111 } etch rates. In this experiment, the etch times were aclju.sled to keep the underetch on 
{ 11 J} planes approximately constant, hence the two cin:les are about the same size. The 
corresponding etch depths, which are a measure of the { JOO} etch rates, are 155 µm for the 
sample etched at 70.3°C and 227 ;tm for the sample etched at -l0.2°C. We observe that 

{3) 

i.e., a higher degree of etch anisotropy is observed at the lower temperature. This re.~ult 
indicates that EA.11111 >E,.1 iooi for the dosely spaced patterns, in agreement with Seidel et 
al.'si,, result. Taken with the widely spaced V-groove results, it also provides further 
evidence that etch rate measurements are highly dependent on patiem spacing. 

5. Conclusions 

By comparing the underelch rates measured from wagon-wheel and separated v. 
groove patterns, we conclude that underetch rates near { 111 ) planes measured from the 
separated V-groove patterns provide more accurate estimates of the surface-reaction-rate­
Limited activation energy, owing ID reduced effects of reactant transport. Our experiments 
with anisotropic Si etchin_g, performed in 35% KOH saturated with 2-propanol, result in 
activation energiesof0.62 eV for f JOO) planes, and 0.53 eV for { 111) planes. Qualitative 
results for wagon-wheel patterns show higher activation energies on ( 111} than on {JOO}, 
in agreement with previously reponed results.<3> 
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