Low-temperature in situ cleaning of silicon (100) surface by electron
cyclotron resonance hydrogen plasma

Heung-Sik Tae,? Sang-June Park,” Seok-Hee Hwang,® Ki-Hyun Hwang,”
Euijoon Yoon,” and Ki-Woong Whang®
Inter-university Semiconductor Research Center (ISRC), Seoul National University, Seoul 151-742, Korea

Se Ahn Song
Samsung Advanced Institute of Technology, Suwon 440-600, Korea

(Received 1 August 1994; accepted 30 March 1995

Low-temperature, defect-freén situ cleaning of silicon prior to homoepitaxy is successfully
developed by an electron cyclotron resonance hydrogen plasma treatment in an ultrahigh vacuum
chamber. The plasma potential distribution was measured by a Langmuir probe method to
understand the effect of the substrate dc bias during hydrogen plasma cleaning. It changes from
downhill to uphill distribution as the dc bias changes from a negative to a positive value, which
leads to a decrease in the ion number density arriving at the substrate and results in the complete
suppression of the defect formation in the Si substiatesitu hydrogen plasma cleaned Si wafer
always resulted in higher quality epilayers than ones cleaned only by so-called hydrogen passivation
after the HF dip. We found that there is a critical dose of the hydrogen ions diarisitu plasma
cleaning beyond which crystalline defects are observed in the Si substrate, subsequently leading to
the poor crystallinity of the epilayers. The dose of the hydrogen ions during plasma cleaning can be
effectively controlled by the substrate dc bias, the microwave power, the magnet current, and the
cleaning time. ©1995 American Vacuum Society.

[. INTRODUCTION tion was reported at some conditions, possibly by ion
impingement.

Low-temperature Si and SiGe epitaxy for high-speed het- We previously reported tha 2 min electron cyclotron
erojunction bipolar transistoréHBTs) and for very large resonancéECR) hydrogen plasma cleaning at 560 °C is se-
scale integratiorfVLSI) requires a complete removal of na- vere enough to generate crystalline defects in Si substrates,
tive oxide and hydrocarbon contaminants on the Si surfacand it was possible to suppress the defect formation by ap-
prior to epitaxy at low temperatures without damaging theplying +10 V to the substrate durinig situ cleaning®® We
surface. Conventional thermal cleaning in high-temperaturdurther explore the effects of other process parameters during
epitaxy is not adequate in these applications and the effectii@ Situ hydrogen plasma cleaning such as the microwave
low-temperature cleaning techniques have been sought evepwer, the distance between the ECR layer and the substrate,
since. A low-temperature cleaning by hydrogen passivatioﬁtc- We found that there is a critical dose of hydrogen ions

after HF dip has been used for the fabrication of the SiGéluringin situ plasma cleaning before crystalline defects are

HBT.! However, when the hydrogen passivation is not per_observ_ed i_n S? substrates. The rolg of hydrogen ions in.defect
ormation is discussed, and experimental results are given to

fect, there is an appreciable concentration of adsorbed impJ .
rities on the Si surface and they lead to defective epitaxia?Upport the idea.
layers? and it is hard to get reproducible results.

Plasma cleaning is known to be an effective way of re-
moving surface contaminants at low temperatures
(<600 °Q.34 Conventional plasma cleaning utilizes the | £y pERIMENT
physical sputtering by Ar ions, and the ion-induced damage
must be annealed dynamically at considerably high tempera- The experimental apparat(Big. 1) used in this experi-
tures (~800 °O to ensure defect-free epitaxyHydrogen ment is basically the same as that previously described.
plasma cleaning, on the other hand, is known ahemical  Briefly, its base pressure is<1L0° Torr and it is possible to
etchind by lighter hydrogen atoms and ions, and it has beerproduce a high-density plasma at a low pressure of Torr
used as a substitute for Ar plasma clearfiiddowever, the  with the electron cyclotron resonance plasma. A EEode
defect formation in Si wafer is reported when the wafer iSECR cavity and the magnets are designed to make ECR layer
exposed to hydrogen-containing plasmas at low temperaturé875 G ling as parallel as possible to the substrates. High-
in a non-UHV systenf:? A remote hydrogen plasma cleaning purity (99.9999% hydrogen is introduced to the ECR cavity
is devised to remove the native oxide without plasma damand the reactant gases are introduced through a gas dispersal

age, but even in remote plasma configuration defect formaling. Energy and flux of the incident ions can be controlled in
this system by changing the input microwave power, the po-

dAlso with the Department of Electrical Engineering. sition of the ECR layer from th? substrate, the operating
YAlso with the Department of Inorganic Materials Engineering. pressure, and the substrate dc bias.
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Fic. 1. The schematic diagram of the UHV—ECRCVD system. Distance from substrate (mm)
Fic. 3. The changes iB-field intensity with distance from the substrate at
A. Effect of process parameters on the energy and various magnet currents. The positions of the ECR lay@75 O at differ-
flux of the incident ion ent magnet current conditions are indicated with arrows.

Figure 2 shows the changes in the plasma density and the

temperatures of the electrons and ions in the plasma with,q 4radient of magnetic field in our system is moderate and

Input microwave poweri as measured by a Lapgmullr Prob&ynsequently, it is believed that the converted kinetic energy
and an ion energy analyzer positioned approximately 2 Cmyt jons'is in the order of plasma potential energy when they

from the substrate. As the microwave power increases, g e at the substrate. On the other hand, the average ion
plasma density increases linearly, but temperatures of thg,e oy decreases due to charge exchange and elastic colli-
ions and electrons do not change substantially. Figure §ions with neutrald*2 as ions travel down. As a result, the

shows the changes iB-field magnitude with the distance energy and the flux of the hydrogen ions decrease as the
from the ECR cavity at different magnet currents. The ECRecR layer moves away from the substrate.

layers at 875 G are marked by arrows and they move away \ye measured the plasma potential distribution near the

from the substrate as the magnet current decreases. The Nseath houndary by a Langmuir probe. Sheath potential is
crowave propagation direction afgifield lines are parallel kept relatively unchanged with the substrate dc bias as

in this magnet-cavity configuration, and the maximumgy, v, in Fig. 4. The plasma potential near the sheath bound-
plasma density occurs at the ECR layer. Bhéield intensity 5 jhcreases with the application of a positive dc bias, con-
decreases towards the substrate, and the guiding center 9f, 1, the expectation that the sheath potential will decrease
electrons drift along thé-field line due to—uVB force, i 4 positive dc bias, while the plasma potential near the
where . is the magnetic moment of the gyrating particles. snea houndary is kept unchanged. The reason for this is

An ambipolar ;pace—charge potential develops as a result §at the area of the substrate is large enough to affect the
the different drift velocity of ion and electron, and ions are bulk plasma, since it draws significant amount of electrons

driven downstream towards the substrate by the electricfielqmm the plasma. The sheath potential should be kept con-

As the ions trave:}alokng the-field line, the potﬁntial €NergY stant to keep the quasineutrality of the plasma. The detailed
is converted to the kinetic energy. But, as shown in Fig. 3,0 chanism of the energy conversion of the incident ions
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Fic. 2. The changes in plasma density, ion temperature, and electron tenfrG. 4. Plasma potential distribution at various substrate dc biases. Note the
perature with microwave power. The probe is positioned at the center and alope changes from downhill at20 V to uphill at grounded and positive
2 cm from the substrate. biases.
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Fic. 5. RHEED patterns of the Si epilayers grown at the same conditions
after three different pregrowth treatments, demonstrating the effect afi the
situ hydrogen plasma cleaning. Deposition temperature 560 °C, microwave

power 50 W, magnet current 40 A, growth pressurextLg 3 Torr, deposi-  FiG. 6. RHEED patterns of thia situ hydrogen plasma cleaned Si substrates
tion time 285 min.(a) 30 min air exposure after HF dip, and no hydrogen at various substrate dc bias conditiot®. —50 V, (b) floating, and(c) +10
plasma cleaning(b) immediate loading after HF dip, and no hydrogen V. Other cleaning conditions such as the substrate temperature, the micro-

plasma cleaning(c) immediate loading after HF dip, arid situ hydrogen wave power, the magnet current, the hydrogen flow rate, the total pressure,
plasma cleaning. the cleaning time are kept the same at 560 °C, 100 W, 50 A, 74 sccm,
8Xx10* Torr, and 2 min, respectively.

with dc bias in our ECR system will be reported elsewHére. d it in. then loaded i h h ch
The changes in incident ion energy flux are not due to th xposed to air for 30 min, then loaded into the growth cham-

decrease in sheath potential, but they are caused by t ;.Sampég(b) Iis |C|e3ngq by ';F dip ar;]d EO D||3 water rinlse,
plasma potential distribution change from downhill to uphill 219 Imme iately loaded into the growth chamber. Sartp)le

distribution as the dc bias changes from a negative to a poi)S cleaned by HF dip anih situ cleaned by hydrogen plasma

tive value, and the decrease in the ion number density arri or 2 min. The epilayer grown after 30 min air exposure is
ing at the substrate.

polycrystalline, and the fast-loaded sample after HF dip is a

single crystal with a high density of defects. The reason for

o i the poor crystallinity of(a) and (b) comes from the incom-

gi' (ll\lg;dv\tg;e rlg situhydrogen plasma cleaning of plete hydrogen passivation and contaminants adsorbed on the
cleaned Si surface. On the other hand, the epilayer grown

The samples used in this experiment are 4-in-diamafter in situ hydrogen plasma cleaning is always a single
n-type (100 Si wafer (resistivity, 10—20€) cm). These wa- crystal with a well-defined 21 RHEED surface reconstruc-
fers areex situcleaned at 120 °C with a 4:1,80,:H,0, tion pattern, clearly demonstrating the effectiveness situ
solution for 10 min and rinsed with de-ionized water for 6 hydrogen plasma cleaning.
min, and subsequently dipped into a 10:1 HF solution for 30
s for the complete removal of the surface oxide. The wafers$ll. RESULTS AND DISCUSSION
are transferred immediately to the growth chamber through
nitrogen-purged load-lock.

Figure 5 shows reflection high-energy electron diffraction Plasma cleaning is studied at a substrate temperature of
(RHEED) patterns for the epitaxial layers grown at the same560 °C, microwave power of 100 W, magnet current of 50 A,
condition except then situ cleaning step. Sampléa) is  hydrogen flow rate of 74 sccm, and pressure xf.8 * Torr.
cleaned by HF dip and no DI water rinse, and subsequentliFigure 6 shows the changes in RHEED pattern with the sub-

%\. Effect of the substrate dc bias
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b gen atoms from the gas to the Si, the hydrogen concentration
profile and the defect formation will remain unaffected by
the substrate dc bias. The fact that the substrate dc bias in-
fluences the defect formation strongly supports the idea that
the defect formation during hydrogen plasma cleaning is
mainly caused by hydrogen ions. Recent results from Zhou
et al}*and Nakashimat al® clearly show the essential role

of hydrogen ions in oxide removal, hydrogen penetration,
and formation of defects in Si. They both found that the
hydrogen ion must be present to remove the native oxide on
Si at low temperatures, and to get noticeable hydrogen pen-
etration into Si. Our result of complete oxide removal and
even defect formation after only 2 min exposure at 560 °C
and at floating potential demonstrates clearly that there are
numerous hydrogen ions impinging on the Si surface in our
ECR system. lon current density measurement in similarly
configured ECR systems show that there are considerable ion
fluxes to the substrafé:'’

In a similarin situ cleaning by remote radio-frequency
hydrogen plasma, it is reported that it takes much longer time
of 30—60 min to remove the native oxidélhis compara-
tively slow etch rate of the native oxide results from the
lower density of hydrogen ions at higher pressure than that
of ECR plasma, and also from the remoteness of the plasma
Fic. 7. TEM micrographs for the Si surfaces after 2 minsitu hydrogen source, though it is claimed that.the clea}nlng IS. ma‘?'? by.
plasma cleaning at floating potential and-a10 V substrate dc biaga) hydrogen atoms. Once the damaging species are identified, it
Bright-field (BF) XTEM at floating potential(b) BF XTEM at +10 V, (c) is possible to suppress the ion damages by applying positive
BF plan-view TEM at floating(d) BF plan-view TEM at+10 V, (¢) HR-  bias to the substrate. As shown in Figgb)7and 7d), the
TEM of the defects shown ita). application of+10 V dc bias to the substrate during hydro-

gen plasma cleaning eliminates the defect formation com-
pletely.
When +10 V is applied to the substrate, the plasma den-
S<.fity of the bulk plasma does not change since the microwave
np_lasma power and the operating pressure are unchanged. But

bardment. Figures(B) and G¢) show the X1 surface re- the plasma potential near the sheath boundary changes from

construction after 2 min hydrogen plasma exposure. Botlgownhill di.st.ributiop at floating .condition to uphillldistribu—
streaky RHEED patterns with>21 surface reconstruction tion at positively biased condltu_)n as shown in F|'g. 4, thys
imply that the surfaces are smooth and free of native oxide atpe energy and the flux .Of the ions decreases W'th dc bias,
floating and+10 V biased conditions, respectively. But the resuiting in the suppression of the defect formation.
RHEED is insensitive to the presence of crystal defects in the
bulk. Figures 7a) and qb) are cross-section transmission
electron microscopyXTEM) photographs of Si substrate
cleaned at floating and-10 V biased conditions, respec- The effects of other process parameters such as micro-
tively. Figures Tc) and 1d) are the corresponding plan-view wave power, the position of the ECR layer, cleaning time,
TEM photographs. At floating condition, the substrate is fulletc., on defect formation is studied. We already know that
of defects(~10'%cm® which are believed to be dislocation defects are observed in Si after the plasma cleaning for 2 min
loops, defect clusters of varying sizes. The high-resolutiorat floating condition(substrate temperature 560 °C, micro-
TEM (HRTEM) photograph of the defects, however, is ratherwave power 100 W, magnet current 50. lasma cleaning
complex.{111}-type planar defects are clearly seen, and itfor 2 min at floating condition at a reduced microwave power
was proposed that they are originated from the condensatiaf®0 W) or at a remoter ECR layer positigmagnet current,
of excess hydrogen in Si alofg11} planes®® 40 A), however, do not produce crystalline defects in Si as
Crystalline defect formation in Si substrates during hydro-observed by plan-view TEMFigs. §a) and &c), respec-
gen plasma cleaning is presumed to be caused by hydrogeémely]. When the microwave power is reduced from 100 to
penetration into Si. The possible defect generators are hydr&0 W, the bulk plasma density is reduced from B to
gen atoms, or ions, or both. Jeagal. measured the hydro- 5x10'%cm®, consequently flux of the hydrogen ion is re-
gen concentration in Si as high as46m® by secondary-ion duced. When the magnet current decreases from 50 to 40 A,
mass spectrometsIMS) after hydrogen-containing plasma the distance from the substrate to the ECR layer increases
exposure, and reported the similar planar deféttshe pen-  from 12 to 20 cm, resulting in the decrease of ion energy as
etration of hydrogen is purely by thermal diffusion of hydro- ions travel further downstream.

strate dc bias after 2 min hydrogen plasma cleaning-B0
V, faint half-order streaks are seen as in Fi@)gbut integral
order streaks are spotty and discrete, implying that the
surface becomes rough after energetic hydrogen-ion bo

B. Effects of other process parameters
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Fic. 8. BF TEM micrographs showing the effect of the process parametersic. 9. BF TEM micrographs showing the effect of the process parameters

on the defect formation in the Si substrate after 2 rnirsitu hydrogen on the defect formation in the Si substrate after 20 mirsitu hydrogen

plasma cleaning at floating potential, substrate temperature of 56@fC. plasma cleaning at-10 V substrate dc bias, substrate temperature of

Microwave power 50 W, magnet current 50 #) microwave power 100 W, 560 °C.(a) Microwave power 150 W, magnet current 50 @) microwave

magnet current 50 A(c) microwave power 100 W, magnet current 40 A.  power 100 W, magnet current 50 A;) microwave power 100 W, magnet
current 60 A.

When the Si substrates are exposed lon(gfd min),
though at no-defect condition at 2 miplasma power 100 W, cleaning is often done by RHEED only, but it is hard to
magnet current 50 A, substrate dc biag0 V), we begin to  quantify the completeness of the cleaning. The plasma-
observe similar defects by plan-view TEM as shown in Fig.cleaned surface for the successful epitaxy should be free not
9(b). The hydrogen ion flux towards the Si substrate duringonly from ion damage but also from surface contamination.
cleaning is the same in both cases, sinceittgtu hydrogen  In the previous discussion it is found that the RHEED alone
plasma cleaning condition is the same. However, the totatannot tell the presence of ion damage. Likewise, the
doses, i.e., flux times cleaning time, of the hydrogen ions ar&HEED alone cannot judge the surface cleanliness. iiny
ten times different. It is now estimated that there is a criticalsitu surface analytical tools may help in the judgment, but
dosé?® of hydrogen ions between two exposuf@smin ex-  often their resolution is not satisfactory. One of the most
posure and 20 min exposyrerhere the crystalline defects sensitive ways to judge the surface cleanliness is to grow
accumulate, coalesce and begin to appear as platelets, diskpitaxial layers on the cleaned surface. Epitaxial growth it-
cation loops, and defect clusters in TEM observation. Defecself after variousn situ cleaning steps reveals every minute
density (~10%cm?) of the 20 min cleaned sample is two details of the surface contamination and imperfection. Thus,
orders of magnitude lower than that of the sample cleanede deposited 300-A-thick Si epitaxial layers for 90 min at
for 2 min at floating conditio~10'%cn?) of Fig. 7(c), but  the same growth conditions, after hydrogensitu plasma
is still detrimental. When the microwave power increases tacleaning at various conditions. We know that this growth
150 W, the defect density increases td/&0¥ as in Fig. 9a).  condition does not produce any defects in Si epilayers even
On the other hand, when the magnet current increases froafter 285 min growtH? When the substrate is biased-a50
50 to 60 A, the ECR layer shifts only 2 cm towards theV during 2 min plasma cleaning, the RHEED pattern is
substrate and the defect density barely changes. spotty as shown in Fig.(6). The epilayer on this surface is a

The judgment of the extent dh situ hydrogen plasma single crystal with a high density of microtwins, as shown in
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Exposure of Si substrate beyond a critical dose makes crys-
talline defects to accumulate to an observable level, and it
leads to a defective epilayer. Appearance of defects in the
substrate aftein situ cleaning is determined by the flux of

the hydrogen ions and the cleaning time. Defect-fresitu
hydrogen plasma cleaning is obtained by the proper control
of the process parameters such as the microwave power, the
substrate dc bias, the distance between the substrate and the
ECR layer.
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