identifying imperfections in silicon and silicon dioxide layers. The
issue concludes with two papers on special technologies, one concerns
selective electroless plating from aqueous media and the other, a spin-
off from silicon processing, describes glass-to-metal seals made possible
by the use of a silicon nitride barrier layer.

The processing techniques described in these 19 papers are drawn
from the classical disciplines of chemistry, physics, ceramics, metal-
lurgy and electrical engineering. The contributions of each discipline
are so commingled, however, that the processes may more aptly be
described as derived from materials science. Though trained in one
or another of the classical sciences, the authors have acquired broad-
ened perspective by interacting with individuals representing other
disciplines. The stimulation resulting from this contact leads to in-
creased ingenuity and imagination in the solution of scientific prob-
lems, and is a pr1nc1pal factor in the development of the new technology
that continues to revolutionize the electronics industry.

P. Rappaport, Director
Process and Materials Applied Research Laboratory

J. A. Amick, Head
Process Research
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Cleaning Solutions Based on Hydrogen Peroxide
for use in Silicon Semlconductor Technology

Werner Kern
RCA Laboratories, Princeton, N. J.

David A. Puotinen
RCA Solid-State Division, Somervilie, N. J.

Abstract—Hydrogen peroxide solutions at high pH are particularly effective for
removing organic contaminants by oxidation; at low pH they are effec-
tive for desorbing metal contaminants primarily by complexing. The
stabiiity of these mixtures during usage and the effects of hydrogen
peroxide depletion on the etching of silicon were measured as functions
of resistivity type and doping concentration. These solutions are effec-
tive and simple to use, and have wide applications to the cleaning and
preparation of silicon device wafers, quartz tubes, and implements
employed in semiconductor processing.

1. Introduction

Theé increased demands on performance and reliability of silicon semi-
conductor devices and microcircuits in recent years have required the
development of improved processing techniques. One key advance in
modern solid-state technology is clean processing; contamination of
sensitive device surfaces is minimized so that stability and repro-
ducibility of device characteristics are greatly improved.

Hydrogen-peroxide-containing reagents have long been used to clean
electron tube components,' but their use has not previously been
described for the processing of semiconductor devices. The advantages
and limitations of hydrogen-peroxide-containing solutions for silicon
technology are pointed out, and their efficiency for removing con-
taminants has been determined by radioactive tracer®?® and MOS capaci-
tance measurements.*

* Parts of this work were performed and reported under U. S. Govern-
ment Contract AD-36-039-SC-86729 (ref. 4).
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;. Types, Sources, and Effects of Surface Contaminants

Surface contaminants can be classified broadly as molecular, ionic, or
atomic.

Typical molecular contaminants are natural and synthetic waxes,
resins, and oils. These are typically present after the mechanical
grinding, lapping, and polishing operations of wafers. They may also
include grease from fingers and greasy films that are deposited when
surfaces are exposed to room air or stored in plastic containers. Photo-
resists and organic solvent residues also fall into this category. Layers
of such molecular impurities in contact with the substrate surface are
usually held by weak electrostatic forces. Organic contaminants on
silicon devices, especially on surface-sensitive MOS structures, may
cause polarization® and ifonic drift® due to the transport of protons.”
Water-insoluble organic compounds tend to make semiconductor and
oxide surfaces hydrophobic, thus preventing the effective removal of
adsorbed ionic or metallic impurities. The elimination of molecular

contaminants should therefore be considered the first step in a clean-
ing process. ‘

Ionic contafminants are present after etching of wafers in HF-
containing etchants or in caustic solutions, even after extensive rinsing
in deionized water.? They may deposit on the silicon surface by physical
adsorption or by chemisorption. The removal of chemisorbed ions is
much more difficult than the removal of ions attached to the surface
by physical forces, and a chemical reaction must generally be used to
achieve desorption. Of the ionic contaminants, alkali ions are partic-
ularly harmful in, that they may move under the influence of electric
fields or at elevated temperatures, causing inversion layers, surface
leakage, drifts during device operation, and other instabilities.! In the
growth of epitaxial silicon layers, visible ionic and molecular residues
from improper cleaning are reported to give rise to twinning, disloca-
tions, stacking faults, and other crystal defects.®

 Atomic contaminants present -on silicon surfaces include heavy

metals such as gold, silver, and copper. They originate from acid silicon I,
etchants ‘and are usually plated out in the form of metallic deposits.?

The removal of this type of contaminant generally requires reactive
agents that dissolve the metal and complex the ionic form to prevent
redeposition from the solution. Atomic impurities, especially the heavy
metals, can'seriously affect minority-carrier lifetime, surface conduc-
tion, and other device parameters governing stability of the devices.’>

Since a contaminated surface is likely to contain all three types of
impurities, it is necessary to first remove the gross organic residues
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masking the surface, then the residual organic materials, a;md ﬁ.l;llally
the residual ionic and atomic contaminants. Th.e gross organic remduss
from materials used in wafer-polishing operations may be removed by
treatment with an organic solvent.*

3. New Cleaning Procedure

Two solutions, used sequentially, have bc?er'x devised to remoYe .any
organic and inorganic contaminants remarmmg ai.:'ter solvent rms:ll‘l:.
Both solutions contain volatile reagents diluted with pure. water. e
exaet compositions are not critical; some of the work discussed v:l/a(si
done using slightly different compositions. I:Ioweve.r, t_he recommende

compositions afford greater freedom in their application.

The first solution, typically 5-1-1 to 7-2-1 parts. by volur'ne :f
H,0%*-H,0,-NH,OH%, was designed to remove. organic contammafn 8
that are attacked by both the solvating action of the arflmomu}I‘n
hydroxide and the powerful oxidizing action of the peroxide. 'fle
ammonium hydroxide also serves to complex some group I and II metals
such as Cu, Ag, Ni, Co and Cd. . -

The second solution consist of H,0*-H,0,!-HCIiT in the typical
proportions 6-1-1 to 8-2-1 by volume and was chosen to. remove he:?.vy
metals and to prevent displacement replating from solution by %’ormmg
soluble complexes with the resulting ions. The reagen.ts u.sed in these
two solutions were chosen over other possi.ble combln'f\tlons becau(s:
thgy are completely volatile. The cleaning action of the dilute HCI-H, ;
solution is similar to that of concentrated H,80,-H,0,, or that o
chromic—sulfuric acid mixtures, but is not as hazardous and presents
no disposal problems.

y i ' ly used and yield
* Ri i t frichloroethylene are most generally yie
satisfa%igigsrégullflsg if overheating is avoided so that thern(ll?il élicort;r;?:ﬁiggxf
of the solvent is minimized. Triethyl amine is commonly adde 'doformed o
ethylene as a stabilizer, i.e., it reacts with the hydrochlpn}c‘ ?Cl formed by
thermal decomposition of the solvent. The resultant triethyl amine g'e -
hloride may remain as a residue on the surface following ?trtin e In
grichloroethylene. As much asf 14{0 :ng of res:ideuetriahsloll)‘zigh;?gnae e from
ical bateh of electronic gra hylene.
ig?groz:lh;r)lfenaé E{Skl)?lized with ethyl allcohoil_/ d(})iastn)(();lgggei Stl:)lrsled:)sfacéﬁgn&a:)gs:
i ffective degreasing solvent. ] >
2frll’gcéisv: é:;iz:sir?; 1solvents; even halocazzbﬁn g{ﬁas(ei_ ;:S;ilﬁ;sa éaereo fre};gligsg'
ili fers. However, it has the di e
gemove%lgrgrrxlld s:;l;;(i)g WF?rggrsi fluorocarbon solvents are also gatlsfg.ct(t)yy,
e:;;?:lly if vapor degreasing or carefully controlled ultrasonic agitation
techniques are employed. o
* filtered DI or quartz distilled H:0

t 309, unstabilized H:O:
1279% NH.OH
it 37% HCl
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The hydrogen peroxide used in the cleaning solutions should be the
unstabilized, -electronic grade. Stabilized peroxide may contain non-
volatile sodium phosphate and sodium stannate or amine derivatives as
stabilizers. As mentioned, the compositions are not critical but the
solutions of the approximate proportions given above have been
found to be reliable, as well as simple to prepare and use.

Cleaning in either mixture is carried out at 75°C to 85°C for time
periods of 10 minutes to 20 minutes, followed by a quench and rinse
in running DI or quartz distilled water. As a final step, the wafers are
“spun” dry and immediately transferred to an enclosure flushed with
prefiltered inert gas. Caution: As both solutions are vigorous oxidizing
agents and can evolve large quantities of gas even when cold, they
must be kept in vented containers, or, preferably, mixed just before use.

4. Effectiveness of Contaminant Removal

Mechanically polished and precleaned bare and thermally oxidized sili-
con wafers were deliberately contaminated with typical organic water-
insoluble materials, such as Apiezon wax, stearic acid, ete. They were
rinsed with organic solvents and then cleaned with the ammonia—
hydrogen peroxide solution only. Water spray tests'® indicated that
less than 1/10 monomolecular layer of hydrophobie organic contaminant
remained. : ’ N
- The presence of surface contaminants, including water soluble or-
ganic compounds that can not be detected by the water spray test, can
be determined by the more sensitive Capacitance-Voltage Bias Tem-
perature Test (CVBT) on Metal-Oxide-Semiconductor (MOS) capaci-
tors.*®%¥ The capacitor is formed by thermally growing a thin oxide
layer on a silicon wafer to be tested, then evaporating a metal contact.
The CVBT characteristics of the capacitor are measured in an inert
atmosphere using a biasing stress of 106 V/cm and a bias temperature
of 300°C. The lateral displacement of the characteristic CV curve
provides a mcasure of the mobile charge (a shift of 1.0 volt is equivalent
to 2.1 X 1011 mobile charges/em? for an SiO, thickness of 10004)." The
use of MOS capacitors as detectors for both organic and inorganic
contaminants is fully establigshed™ by correlation of CV measure-
ments with radiotracer analysis of deliberately contaminated -MOS
- devices. The CVBT method as described was therefore utilized to test
the effectiveness of our cleaning procedure for removing deliberately

* For exaniple, Hofstein”* demonstrated by CVBT techniques that
contamination of MOS devices with aleohols can cause proton drift insta-

bility. Similar drifts caused by other organic contaminants were also
observed by CVBT tests. :
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i i results are
introduced organic contaminants on MOS devices. These

summarized in Section 5. . B .
For inorganic contamination studies, silicon wafers and fused t: -
mmersed in various solutions or etchants con. 1n' g
es “labeled” with radioactive
£ radioactive impurities de-
y cleaning treatments

samples were i in variol u
known quantities of specific ionic impuriti

jons of the same type. The quantities o

ed b
i d the amounts subsequently remowe' . :
o et Id by monitoring the radioactivity.*® The efficiency of

various acid hydrogen peroxide - solutions for removing. ailtomlca(fzzls;
taminants including copper, gold, and chromium .from sﬂlconr :;fented
and quartz surfaces is illustrated by the desorption c1.11'vesi1 1})1 .
in Figs. 1-4. For comparison, rinse curves for wat(;r, dilute )}(fide e
o wil i i id without hydrogen pero

ide without acid, and diluted aci . 1 i
plero:;lozvn These data were obtained by gamma-radioactivity measure
] S(x)lts usin.g Aul®8, Cué4, and Cr°! as radioactive traceirs. B fore
meCulrv've A in Fig. 1 shows the ‘results obtained Wl.th. s1hzox:9:vaThe

i O.-HF mixture containing Au™®.

t had been etched in a HNO; m ‘ . e
Zﬁ?‘face concentration on the etched silicon aft_er quenchn;g V;I(;I:l:. -
jonized water followed by a 30-second water rinse was 7. gture .
atoms/cm2. Desorption at 90°C with an HCI-H292-H2O mlxxtion _,con_
moved 97.4% of the gold in 15 minutes. For comparl(;onl,{aoso u,,n'd o

: i id),** 1 vol 30% H;0,, a
isting of 1 vol HCO,H (formic act S . and 8 v
(SiliZtliIlllid H,0 removed 86% of the gold in the same:i 't;n:edlfllé(g)d]:{ ;is_
ts (diluted H,0,, dilute oH,
separately, the reagent compogefl d
tilll)ed H,0) removed only negligible qua.nt.lt.les of the glgldA. N

Silicon immersed in diluted HF had initially 2 >< 1.0 u me/em
After 15 minutes desorption in HCl-H202-H2(.),. similar pechenFigg S
gold removed were found as for acid-etched silicon (Cu'rve1 s tChe.d )

. . T e
i i he desorption for silicon previously
Curve C in Fig. 1 shows t i o eanface
ini : ting in an initial g

iodine-containing HF-HNOg etchant, resu . ' ' ace
IOdl;ilf:;tion of 8 X 1015 atoms/cm?. In this case, the formtl}i: a}(;gl_

:;rl(lirogen peroxide was more effective (98.8% removal) than the
-H,0 mixture. g
HZO}?%us:d quartz contaminated with Aul®8 froTn HNO,, 111{?’ Ill(i’z aAIl
ua regia td an initial surface concenttation o.f 10 oA b
az:ms/cm2 ’was decontaminated eﬁ'ectively' w‘1th amd‘ H,0,. Ob;;pined
?1 orption curve is presented in Fig. 2. ‘Slmllar resu.lts weie tained

’ \:iih I();[uartz that liad been immersed in the same acids but co

Cu®s,

were determine

: i i the
w* ic acid can be used® instead of hydrqcm?ll‘:ngcvlgrt(zhlics’,“;?‘stem
pH of gxgrg)i%tion to attain metall co;nplc‘al);lengo ?czlgr{ls,u Lo »: b
i effective, partly beca cons!
i)ser%;!il;: ailrlythlgiiddative breakdown of the formic acid.
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Fig. 1—Desorption efficiency for gold labeled

As seen from Fig. 3, acid hydrogen peroxide is very effective for
desorbing copper from silicon. Over 99% is removed within the first 2
minutes of rinsing. Over 30 different desorption treatments involving
combinations of (éomplexing, chelating, and oxidizing agents have been
tested for copper &emoval.3 None was as effective as the acidic hydrogen

peroxide. Water br hydrogen peroxide without ad

ded acid were quite
ineffective.

100

S

RESIDUAL GOLD ON SILICON, %

HCO,H

H20,

Ha0z+ HCO. K
H20,+HCY

> 00«4ax

DESORPTION TIME, MIN.

Substrates: 4

Curve A (dotted line)—Si etched. in HNO. -+ HF + Aui®s; 100¢
= 7.3 X 1013 Au atoms/cm?
Curve B (solid line) —Si immersed in 499, HF + Aul®; 1009, =22
. X 1015 Au atoms/cm?2

Curve C— (dashed line)—Si etched in HF + HNO: + I, + CH,CQ.H
, + Aul%; 1009 = 8.0 X 1015 Ay atoms/em?

Solutions: . ’ ’

Deionized and distilled H.0, 100°C

1 vol 909% HCO:H + 9 vol H.0, 90°C

1 vol 30% H.O. (unstabilized) + 9 vol H.0, 90°C

1 vol 80% H.0.+ 1 vol 909 HCO.H +8 vol H.0, 96°C

1 vol 30% H.0:+1 vol 1IN HCl + 8 vol H.0, 90°C

>OoOd X

with Aul®® from silicon
surfaces with various solutions at 90°C.
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Similar desorption curves for chromium on silicon are zrggtz;ti(;
ic aci i t 90°C remove A
in Fig. 4. Diluted formic acid-H,0, mlxture?, ) of
:!}ieF::ro:nium in 5 minutes. Less dilute solutions were more effective;
HCI-H,0, was not tested, but can be expected to be even better because
i *q e 3 3 HCI'
high solubility of chromium in ' . .
o t’}lx‘;e disorption of sodium was previously studied w;tlf ItIa22 }alxécll N :re
i i solutions containing w
tracers for the sodium ions. Aque?us _ ; °
zzml(')nstrated to be highly effective in removing pilysmally and chem
jcally adsorbed sodium ions from silicon surfaces.
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|
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Substrates: _ A
Fused quartz etched in 49% HF + Aul®8; 100% = 1.56 X 10 u
atoms/cm?
Solutions: o 23°C
*  Deionized distilled H.O, 23°
. . . 00°C

D jzed and distilled H.O, 1 .
>: 1 (33;1 309, H.0:+ 1 vol IN HCl1+8 vol H.O, ggog
O 1 vol 30% H:0:+1 vol IN HCl + 8 vol H:0,

i g t:
Fig. 2—Desorption efficiency for goid labeled with Aul98 from fused quartz
e under various conditions.
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Co'nsiderably higher concentrations of the metals on silic
used 1n- these desorption studies than are normally present i:n 'r"ere
processing in order to determine the effectiveness of the cleanin ; lc'on
tures. Although the rates of desorption are different for d'tgf ront
metals, th‘e following generalizations ¢an be made on the basi 1 ;rent
results obtained. (1) Each of the single components (H,0O H;(S) ° Htgle
?COZH.) used separately, regardless of the temperatur: ’is relz’ti 1’
1neﬁect1v.e.- (2) Elevated temperatures increase the oxida,tion ote ‘;e);
of V.the acidic hydrogen peroxide system and the efficiency of desorp:;li;i
Radlo?ctive-tracer studies have also demonstrated the import: '
of th(-a acidie hydrogen peroxide treatment following an oxide pror anci
step in aqueous HF or buffered HF. Heavy metal inipurities are 6
adsorbed by the silicon where it becomes exposed to these rea atre ut
can be effectively removed in the acid peroxide medium gents, but

100

—

O H,0,,90°C

X H,0,97°C

& H,0,+HCl, 90°C
© H,0,+HCO,H,90°%

T

T

RESIDUAL COPPER ON SILICON, %
T

/

T

0.1

I I I I I .
6 . 8 10 12 14 3 8 L 20
. DESORPTION TIME, MIN

i

Substrates:

Si immersed in 49% HF + Cust
; 1009 = 1. ,
for 3, X, O; for A, 100% = 3.3 X 1018 g‘fl atir?a;(/clr(r):; Ou. atome/con

Solutions:
Explanations as for Fig. 1, except that H.O temperature was 97°C

Flg 3%Desorpti6n efficiency f i '
DesorD! solutions!;ty%el(.] .copper labeled with Cu® from silicon with
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The behavior of a number of other metals in acidic hydrogen per-
oxide can be predicted from data in the literature. The following metals
are known to dissolve: silver,® nickel,*® cobalt,” lead,®* magnesium,
niobium,* tellurium,® and tungsten.*® ’

utions are effective for

It should be noted that the cleaning sol
t is already distributed

surface contaminants only. If the contaminan
h back with dilute HF followed by cleahing

within an oxide layer, an etc

in the acidic hydrogen peroxide mixtmje may be required to remove it.
In a moré pragmatic sense, silicon wafers that have undergone this
cleaning treatment can be used for the routine growth of silicon epi-
taxial layers free from hillocks, bumps, spikes, ete. Furthermore, vapor-
deposited 8iO; layers deposit uniformly on the wafers, a fact previously

correlated with surface cleanliness.”
Ellipsometry®™™ was used to determine the oxide thickness of clean

100§

X H30,95°C
O H,0,,90°C
O Hy0,+HCO,H:90%C

RESIDUAL CHROMIUM ON SILICON, %

o] - 4 8 12 16 20 24 .28 32 36
DESORPTION TIME, MIN

Substrate:

Si immersed in 49% HF + Crs1; 100% = 2.2 X 1014 Cr 'atoms/g:mz‘

Solutions:
Explanations as for Fig. 1 except that H.O temperature was 95°C.

4 -Desorption efficiency for chromium labeled with Crst from silicon

Fig.
£ at 90°C.
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Si surface.* Chemically/mechanically polished (111)-oriented silicon
wafers (1-10 ohm-cm p-type) had an initial film thickness of 21 X.
After the cleaning treatment in the ammonia-hydrogen peroxide solu-
tion, the film thickness was 18 =+ 1. A; this thickness changed only
slightly to 16 =1 X on the subsequent acid-hydrogen peroxide treat-
ment.*® It can be concluded that no excessive surface oxidation takes
place during these cleaning treatments.**

5. Experiments in the Electrical Performance of Devices

The gffectiveness of the cleaning procedure was evaluated using MOS
capag:itors fabricated using these cleaning treatments.

CVBT tests on silicon wafers deliberately contaminated with meth-
anol and cleaned in these solutions prior to metallization showed flat-

band voltages and driftable charge levels identical to those of uncon-
taminated control samples.*

A statistical evaluation of MOS capacitors fabricated on reference
ingot wafers cleaned with these solutions was also performed using
CVBT testing. Over a nine-month test period, a 1100 and a 1200°C
furnace was found to result in flat-band shifts arising from driftable

charge of (average *l¢ limit) 0.20 + 0.07 volt, and 0.18 = 0.09 volt,
respectively.

8- Chemistry of Hydrogen Peroxide Solutions
‘6.1 General

The chemistry of hydrogen peroxide has been extensively studied.!®»
It is a powerful oxidizing agent in both acidic and basic solutions.
Dilute solutions at 50°C are most stable at a pH in the vicinity of 4.5
to 5.0, and are least stable at high pH’s, decomposing to water and
oxygen. Decomposition is catalized by traces of most heavy metals.

As . cleaning agents, hot formic acid and hydrogen peroxide,’ hot
hydrogen peroxide and hydrochloric acid,"” and cold hydrogen peroxide
and ammonium hydroxide®® have been used in a variety of applica-
tions. In all of these mixtures, the chemistry is considerably compli-
cated by changes in the reagent concentration with time, and by the
complexing nature of both the chloride and ammonium ions. For ex-
ample, nickel and cobalt each form six different amines;* copper and

zinc also form amine complexes. The potential-pH diagram shown in

* The refractive index of SiO, (1.48) was assumed for all films.
** For comparison, immersing the cleaned wafers in HF solution fol-

lowed by water rinsing reduced the film thickness to 7+ 1 A; subsequent

boiling for 15 or 30 minutes in dejonized and distilled water led to a limiting
film thickness of 811 A.*
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i i i i i t it illustrates the relative oxidizing
Fig. b is thus hlghl?' 1deallz%gi, but i e e e
powers of the cleaning solutions at room tempe rature. T e
pH ranges’ for the alkalie peroxide and acid peroxide solutions

described in this paper are indicated.
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0O 2 4 .6 8 10 12 14

pH i
Fig. 5—Potential versus pH diagram for hydrogen peroxide solutions at
"7 g25°C.

Within the limits of solution stability &md peroxide derfle.ethn I({Sois:
tion 6.2) the exact concentrations of re_agents are noi:fcr:hlcan.d How-
ever, if excess peroxide is used, the ‘»’sglutloxfs tend to froth a
flow the container from the too raplf evolution of oxygen.

6.2 Stability of Hydrogen Peroxide, Mixtures

These hydrogen peroxide solutions gra}d.lmlly decompose:i, 1zosmigr'l e??;;
cleaning effectiveness. Their deecomposition rates were ‘ e erIr-Inalf_lives
titration with a standard potassium permangangte solution. ives
of the alkaline and acidic solution® at room temp.erature are, re ?dl
tively, 11 hours and 50 hours (Fig. 6) ; tl.lese half-lives decre?.dse rapten);’
with inereasing temperature. The relative hydrogen peroxide con
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of the acidic solution was found to decrease by 98% in 30 minutes, and
by 99.95% in 60 minutes, after the solution reached the operating
temperature of 80°C.t ' '

1.0

ACIDIC

-~
-

FRACTION OF ORIGINAL H,0, REMAINING

0.l — \
- \
L \
L \\
L \ BASIC
\
I~ \
\
- \\
N\
u \
> >
0.0|1 I | I | ! 1 j
0 10 200 30 40 50 60 70

STORAGE AT ROOM TEMPERATURE, HR

Fig. 6—Rate of decomposition of acidic and alkaline hydrogen peroxide as a
function of storage time at 23°C.

To determine more precisely the shape of the decomposition curve
during typical processing conditions, the peroxide content in 405 ml of
alkaline solution heated in a beaker on a hot plate was monitored. After
the beaker was placed on the hotplate the amount of peroxide remaining
was determined as a function of time (Fig. 7). The half-life of the
solution at 88-90°C was approximately 5 minutes, and the time for the
concentration of peroxide to be reduced to the etching threshold* level
for (111)-oriented silicon was approximately 40 minutes aftér the solu-
tion reached temperature. Since the recommended cleaning time is 10 to
20 minutes at 75-80°C, there is an adequate margin of safety if the
initial peroxide concentration is at the recommended level.

T It should be realized that the rates of decomposition can be affected by
the presence of trace impurities.

* This is the etching threshold under the conditions recommended for
cleaning silicon. )
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i i n peroxide remaining as a function of use
Fie. 7——5{%1:8;11\?;1}8'&?%%8 cll)eaning solution (etching threg.l}_lold .1%(;1101182:(32
by horizontal line is for (111) and (100) -oriented silicon;

approximate).

6.3 Effects of Hydrogen Peroxide Depletion

A bare silicon surface is readily attacked by even a Wealf ba§e, such ats
ammonium hydroxide. However, when hydrogen peroxide is pr.eseni,.
the surface is immediately passivated, presuma‘?ly by tpe fo.rmatlon (3
a thin (<50 &) continuous layer of hydrous.ox1de. Th1§ oxide layir is
very resistant to chemical attack by ammOfuu_m hydroxide at the tem-
peratures and concentrations used fpr cleaning.* N o
 The etch rate of n- and p-type (111)-oriented chemically Pohshed
silicon has been determined in hydrogen-peroxide-free ammonium hy-
droxide solutions. Resistivity and types used were 0.25 f)hm-cm and
20 ohm-cm p-type; 1 ohm-cm and 15 ohm-cm n-type. Etching was con-
ducted in a Pyrex chamber immersed in a constant-temperature bath

* A complete equilibrium potential-pH diagram for the Si-H:0 system
is given in Ref. [34].
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and cappefi with a stoppered, water-cooled condenser to minimize loss
of 'amr'noma. Wafers were prepared for etching by growing 5000 & of
oxide in steam at 1000°C, by defining and etching a 1-cm-wide stripe
along a diameter to expose a bare silicon gurface, and by cleaning Ii)n
H2O:H202-NH4OH solution. Each wafer was then given a 5 second
dip in 5% HF, rinsed in distilled water, quartered, and transferred to
the etching apparatus. This procedure was adoptéd to ensure that the

1000

ETCH RATE, A/MIN.
o
(o]

IIIT'[

=
\

IOL | L I 1. I ]
28 29 -30 3320

3
RECIPROCAL; ABSQLUTE TEMPERATURE, 1090

Fig. 8;——Etch rate of (111)-oriéntéd sili i i foxd ution
as a function of tgmpgrgmresfhm in ammoniym hydroxide solutions

(3
7%

bare silicon surface was covered by no mére than a thin film of freshly
forrr}ed hydrous oxide when the wdfer quarters were placed in th;e
ef:chu?g solution. The samples were removed-from the etch at prescribed
time intervals and the oxidé was stripped in buffered HE etch.

. The depth of step formed 1n the silicon as a result of localized etch-
ing was measured with a Talysurf** surface profilemeter with an

‘accuracy of bett_er than £29;. This"‘technique was-also used to deter-

** Talysurf Model 4, Rank Taylor Hobson, Leicester, England.
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mine the thickness of the oxide films by -measuring the step height
formed from the top of the film to the substrate surface.

The observed etch rate values for 2N to 6N NH,OH solutions fall
into the broad band shown in Fig. 8 where the eteh rate is plotted as
a function of reciprocal temperature. " Despite the precautions used to
obtain an oxide-free surface, plots of “step height versus time showed
considerable scatter even on the four quadrants of the same wafer.
These results may indicate that the oxide formed at room temperature
offers some barrier to the attack of _ammonium hydroxide on silicon,
or that the chemical polishing had not completely removed the work-
damaged surface and that the etch-rate variations reflect this. Within
the limits of the experiment, there was no difference between the etch

rates of n- and p-type silicon. There was no discernable etching of the -

oxide mask at any concentration er temperature used in this experi-
ment. It should be noted that ammonium hydroxide etching of silicon
is orientation sensitive; (100)-oriented material etches more rapidly
than (111)-oriented material. As expected, no gilicon etching effects
have been observed in aqueous HCI or in the acidic peroxide solution.

6.4 Effects Of Fluoride lon Additive

A common semiconductor processing operation is to either completely
strip the surface oxide or to conduct limited etch-back in HF or buffered
HF. A large number of fluoride jons are adsorbed during this kind of
treatment.? If rinsing is inadequate, these fluoride ions could transfer
to the ammoniacal cleaning solu'tion producing a silicon etch.® As an
extreme test of this type of contamination, the eteh rates of both n-
and p-type (111)-oriented epitaxial silicon in H,0-NH,F-H,0, solutions
were determined over a five-decade range in fluoride ion concentration.
The solutions were prepared by adding aliquot amounts of aqueous
ammonium fluoride solution (40% NHF by weight) to 5 ml of 30%
unstabilized H,0, and diluting with distilled water to a total volume of
30 ml. Each test solution 'was préheated on a hotplate for five minutes
to bring the temperature to 75 £2°C, the wafer was added, and heating
continued for 10 minutes to a final temperature of 80°C. The wafer
preparation procedure was similar to that, described in the previous
section except that the HF dip was omitted. The thickness of the
remaining oxide was measured, the oxide was then stripped in buffered
etch, and the silicon etch-step height was measured on the Talysurf.

The observed variation of silicon and silicon dioxide etch rate with
fluoride ion concentration are shown in Figs. 9 and 10. The silicon
etch-rate curve has two distinct regions, one for. low fluoride ion con-
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centration and one at higher concentrations where the etch rate in-
creases quite rapidly with increasing fluoride ion concentration. While
the different regions are of considérable interest in the interpretation
of the etching mechanism, the immediate practical significance of this
curve is that peroxide solutions containing fluoride ion concentration
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Fig. 9—Etch rate of (111)-oriented silicon in ammonium fluoride solutions
(solution composition: 5 mi 30% H.0., aliquot 40 wt % NH.F solu-
tion, diluted with H.O to total volume of 30 ml).

at the level that might be’found by casual contamination during normal
handling and processing have very low etch rates. This means that
trace - contamination of .the H,0,-NH,OH cleaning solutions with
fluoride ion will not be a cause of etching of (111) oriented silicon
wafers. A similar conclusion applies to (100) wafers. It follows that
any fluoride ion that might be leached out of Teflon workholders will
not cause any significant amount of etching. The oxide etch rate be-
comes appreciable only at the highest fluoride concentrations and is
essentially zero at concentrations below 0.1 ml NHF per 30 ml solution.

A feature of both the ammonium hydroxide and the ammonium
fluoride-hydrogen-peroxide solutions is that, although physically iso-
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lated samples of n-type and p-type (111) oriented silicon will etch at
nearly the same rate, adjacent n and p regions will etch at different
rates. This differential etch rate may be illustrated by the change in
relative heights shown in Fig. 11. This figure shows the surface levels
before and after a 10-minute etch at 80°C in a 5-1 H,0,-NH,OH solu-
tion; in Fig. 12 levels for treatment in 5-1-1 H,0-H,0,-NH,F solution

are displayed.

10—<
o ~
C ~
E Yo
- ~
L ’¢'\~O \
g oo}
10
£ R
= - 0,40 S
T r \ Iy
5 L
= o \
w o\
[T
(SN (0] =3 \
- = i
= - \
3 r !
z |
g \
= OlE \
=] g 1
pur}
2 F 1
N \
w | =
ol %
Z 50l KEY:
g E ©1000°C STEAM OXIDE ON
r N-EPI LAYER
- -5-1100°C STEAM OXIDE ON
N-EPI LAYER
Kelslo] | ITTURE IS [MTER RN Leaeygt b}
10,000 1000 100 0

OXIDE THICKNESS REMOVED IN 10 MIN.,ANGSTROMS

Fig. 10—Etch rate of thermally grown silicon dioxide in a_,mmonium fluoride
solutions (solution composition: same as for Fig. 9).

7. Summary and Conclusions

Two sequential cleaning solutions (H,0-H,0,-NH,OH, and H;0-H,0,-
HCI) have been devised for cleaning silicon surfaces to reduce organic
and inorganic contaminants to the very low levels required for silicon
device fabrication.

The solutions do not attack either silicon or silicon dioxide as long
as sufficient hydrogen peroxide is present. If the hydrogen peroxide is
depleted or if gross fluoride ion contamination is present, etching can

oceur.
The hydrogen peroxide depletion rate and the concentration de-
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pendence of the silicon etch rate in depleted hydrogen peroxide solutions
or in fluoride ion contaminated solutions have been determined and
found safe for the recommended cleaning conditions.

The chemical effectiveness of these solutions has been demonstrated
by water spray tests and radiotracer analyses. Moreover, the ability
of the cleaning procedure to remove electrically active impurities has
been verified using CVBT measurements on MOS capacitors.
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Radiochemical Study of Semiconductor
Surface Contamination

I. Adsorption of Reagent Components

Werner Kern
RCA Laboratories, Princeton, N. J.

Abstract—The adsorption of reagent components on semiconductor surfaces was
measured by radioactive tracer methods to assess the extent of surface
contamination from typical reagent solutions used in solid-state-device
processing. Substrates used were primarily silicon and germanium. Re-
agent solutions. include NaOH, HF, HCI, HE-HNO3:-CHsCO2H mixtures,
jodine-containing - semiconductor etchants, and chromic-sulfuric acid.
Radionuclides used as tracer ions are Na?2?, Na?4, F'8, CI°¢, and na,

Adsorption of Na* lons by Si slices from dilute NaOH at 25°C was
predominantly physical, Si increasing slowly with increasing NaOH con-
centration. In 0.1% NaOH, adsorption equilibrium was established in
1 hour, leading to 4 X 10'? Nat/cm?. An initial 60-second rinsing.
treatment In cold H20 removed 63%, but sontinued rinsing desorbed
Na* at decreasing rates. Hot water desorbel. 99.5% within 2 minutes,
lowering the surface concentration to below 0&04 monolonic layer.

Etching of Si wafers in 5% NaOH at 100°C led to 1 X 10'4 Na*/cm?,
Desorption with HCI reduced this layer to less than 0.0002 of one mono-
layer of Na* ions, In contrast to thermal SiO2, pyrolytic SiO2 sorbed
large quantities of Na*, probably due to its porous nature. On immer-
sing In diluted HF, Si and Ge wafers adsorbed on the order of 10'¢ to
10'7 F-/cm2. The major portion was desorbable by rinsing with-cold wa-
ter, but a fluoride residue of several monolayers remained. Fluoride in Si
volatilized only partly at 1250°C. Etching of Si and Ge wafers in strong
HF-containing etchants led to concentrations in the 10'® F~/cm? range.
Desorption of etched and water-rinsed wafers with acetone was ex-
tremely effective, reducing the adsorbate to a residual concentration of
10'4 F-/cm? in 30 seconds. Si-etched in hot NaOH foliowed by im-
mersion In dilute radioactive HCI adsorbed 1 X 10*4 Cl-/cm?  Ge
immersed directly in the HCI acquired 3 X 10'4 CI~/cm?.  Metal sur-
taces adsorbed larger quantities, especially indium (10'7 Cl=/cm?).
lodine from CP-4 type etch mixture contaminated both Si and Ge sur-
faces with 10'® fo 10'4 12 molecules/cm?. The adsorbate on Ge could
be desorbed readily with aqueous solutions, but Si required hot EDTA
solution to lower the residue to 3% of the initial value in 5 minutes. A
special etch containing only 1.9 mg/liter Nal led to uniformly adsorbed
10" 12/cm? on Si and 10'2 l2/cm? on Ge. lodide lons from 1N Nal fed
to 104 I~ fons/cm? St or SiO2. Treatments of Si In hot chromic-sulfuric
acid, followed by cold water rinsing, resulted -in absorbed chromium
concentrations of less than 10’4 atoms/cm?.
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