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Electrical properties of shallow  p*-n junction using boron-doped Si  ;_,Ge,
layer deposited by ultrahigh vacuum chemical molecular epitaxy
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Strained boron-doped Si,Ge, layers with different Ge mole fractions were selectively deposited

by ultrahigh vacuum chemical molecular epitaxy to form shalivn junction suitable for raised
source/drain metal—oxide—semiconductor field effect transistor applications. Detailed electrical
characterizations were performed. Our results show that the reverse leakage current could be
optimized by a rapid thermal annealing at 950 °C for 20 s, and a near perfect forward ideality factor
(i.e., <1.01) is obtained for thep™-n Si; _,Geg /Si junction. By analyzing the periphery and area
leakage current components pf -n Si; _,Geg /Si junctions with various perimeter lengths and
areas, the degree of misfit dislocations and undercut effect were studied. The specific contact
resistance was found to decrease as Ge mole fraction increases. Junction depth measurements also
show that the junction depth decreases monotonically with increasing Ge mole fraction. The reduced
B diffusion constant is attributed to the increasing Ge gradient in the transition regio200®
American Institute of Physics[DOI: 10.1063/1.1321042

I. INTRODUCTION vantageous to achieve minimum dopant redistribution by re-
_ _ _ _ _ _ ducing the dopant diffusion constant. Previously, it has been
Heterojunction bipolar transistors with ;SLGe, bases  pointed out that B diffusion from SiGe to Si is reduced in the
have been extensively studied in order to overcome the corgjge/s;i system due to the stress compensation é¥ddn
flicting requirements between base-resistance and transifyqition, misfit dislocation density is lowered by using selec-

:Irmr? i 't'”:gﬁg"l’: ég?t?rﬁnih mSi(ghel corn\r:entlolnalb b'EOI?r tive epitaxial growth, compared to that of other large area
ansistors. adcition, the olf>€ 1ayer nas aliso been pro-, . . qjtion method$* The selective epitaxial growth

posed for forming the raised source/drain regions of metal— . : . :
oxide—semiconductoiMOS) field-effect transistors, as well (SEG feature is also advantageous in reducing the undesir-

as for optical device applicatiod€. With a recent surge in able parasitic cgpacitance that loften limits thg transistor pgr-
research interest of the sub-Ogdm complementary MOS formance. Previously, the physical and electrical characteris-
technologies, the issue of forming a shallpw source/drain  tics of selective SEG SiGe/Si diodes using RTCVD has been
junction with low contact resistivity to minimize the short Studied:*>*® The propagation of misfit dislocations was dis-
channel effects while maintaining the high current drivability cussed. Diodes fabricated in small deposited regions were
has been highly researched. Unfortunately, the conventionshown to demonstrate more ideal forward characteristics
ion implantation method has become increasingly difficultthan those fabricated in large regions. However, the effects
for forming the required shallow junction due to channelingof Ge ratio on the physical and electrical characteristics was
and radiation damage. To overcome these problems, severgt investigated.
methods have been proposed. Among them, the simplest and The present article examines the structural and electrical
the most promlsm_gllapproach appears to be the use of 3operties of SEG $i,Ge /Si p*-n heterojunction diodes
upper doped layet. _ _ by using UHVCME-deposited $i Ge, layers with different
The upper doped layer can be selectively deposited 9Ge mole fractionsx on wafers containing oxide patterns.

the at_:tlve region to'form a shallowlur)ctlon by several m.efth'Besides being a low temperature process, UHVCME is also
ods including rapid thermal chemical vapor deposition . o . .
known to be advantageous in minimizing the impurity

(RTCVD),*? and ultrahigh vacuum chemical molecular epi- o \ )
contamination due to its low base pressure. The electrical

taxy (UHVCME).” For ultralarge-scale-integration applica- - ] i
tions, however, it is crucial to minimize postdeposition dop_charactenstlcs and dislocations caused by undercut effects

ant redistribution during subsequent thermal processe&nd misfit at Si_,Ge,/Si interface were studied in detail by
Although this can be accomplished by reducing the subsemMeasuring diodes with various perimeter lengths and areas.
quent thermal budget, it usually places severe constraint of relative lower contact resistance is obtained with higher
the subsequent process flexibility. Therefore, it would be adGe composition in the $i,Ge, layer. Finally, the junction
depth reduction as a result of reduced B diffusion
with increasing Ge composition is also

dAuthor to whom correspondence should be addressed; electronic maiF?efflClent
cyc@cc.nctu.edu.tw discussed.
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o ) o ) FIG. 2. Forward ideality factor vs Ge composition with different RTA con-
FIG. 1. The forward and reverse characteristics for SiG/Stn junction ditions. Solid line denotes RTA temperature at 950 °C for 20 s and dotted
with annealing at 950 °C for 20 s. The size of the diode area is 100Qjne RTA temperature at 900 °C for 30 s.
X1000un?. The pure Sip*—n junction was made for comparison. The
epitaxial thickness of the SEG diodes is 100 nm.

Ill. RESULTS AND DISCUSSION

Il. EXPERIMENTS A. Electrical characteristics
fivit n-type 6 |n(.j(100t)h5|l|c3[ont.waf§_rs Og %Ozlm: rgoge&s—. Figure 1 shows the forward and reverse current—voltage
IIVtI' y werz use e;; i fe s arc;ntg dl ?u sﬂza es.t' nm 'i?\éharacteristics of $i,Ge, diodes with different Ge compo-
ation oxide was first formed to detine the active areas willg;; s a| samples were annealed at 950 °C for 20 s. It can
various periphery and area ratioB/@). Then, following a

. be seen that the reverse leakage current increases only
standard RCA clean and a 1:50 HBM dip, a 100 nm : s : " i
B-doped Sj_,Ge, (x=0.09, 0.14, and 0)2ayer was selec- slightly with increasing Ge composition. However, the satu

. ’ . .~ ration current increases dramatically with increasing Ge ra-
tively deposited using the UHVCME system descnbedtio, i.e., the saturation current densily is 63.8, 90.6, and

previously’ Briefly, the growth chamber was pumped with a 108.0 nAlcri . .
) c for Si  control, SjqGege and
1000 I/s turbomolecular pump to a standby base pressure l0.0cC6 LSEG diodes, respectively. A largels for the

2 1Ob o .Wafe(;.s ere f”‘? 'O%dtedtr:”to theth'oﬁd'”% SiGe diodes with higher Ge composition is believed to be
chamber, and immediately transterred to the growth chambey, o ¢, e increasing misfit dislocations caused by Ge atoms.

]Erlofgl'?drlrv\?vae?gﬁi(ifél gerO\t/;tgl.i r’;‘é d?/sifﬁinplrﬁisn ur?te?ihelln addition, at high current level, the iGe, 14 diode also
0 S y €s S a ._ depicts the highest forward current among the splits, indicat-
wafer transfer process. Next, wafers were heated to the fin

o . . g a low contact resistance between metal and semiconduc-
de_posmon tem_peratu_re O.f 550*Cata ramp rate-abo °C/ tor junction and therefore a lower effective series resistance.
min. For growing thein situ B-doped Sj_,Ge, layer, pure

SibHg, GeH,, and BHg were introduced into the growth
chamber. The chamber pressure was maintained below 1

X103 Torr during epitaxial growth by the turbomolecular 140
pump. Then, a 200 nm tetraethylorthosilicate passivation ox-
ide was deposited, which was followed by a rapid thermal § 120

anneal(RTA) at various temperatures for dopant activation e _100 b
and outdiffusion. After contact opening, the TiN/AlI-4%Cu/ 5 %
TiN/Ti four-layer metal was then sputtered and patterned to & S 80 ¢
form the metal interconnect. Finally, wafers were sintered in & % 80
N,/H, at 400 °C before measurements. o =
The electrical characteristics were measured by a g — 40
HP4145B semiconductor parameter analyzer. The sheet re® 20 Epi. Thickness = 100 nm ]
sistance was extracted using both the transmission lengtt— RTA Anneal 950°C. 20 sec
method(TLM)*" and cross-bridge resistor method, while the 0 VTR T N T T v
contact resistance was measured by both TLM and Kevin 0 10 20 30 40 50 60 70 80 90100
cross structures. Finally, the diffusion profile was measured "
by using secondary ion mass spectrosc(RiMS) in a Cam- P/A(cm™)
eca IMS5f qpparatus. To tham bette,r accuracy, boron anglG. 3. The leakage current densifl, vs P/A ratio of SEG Sj_,Ge,
oxygen profiles were obtained by using'Oand CS, re-  giodes which were annealed at 950 °C for 2Wg.is the reverse leakage
spectively, as the primary ion beams. current density of the@™ —n junction at—5 V.
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FIG. 4. The calculated value of peripherial component of leakage culgent Line Wldth(um)

and areal compone®, vs Ge composition for SEG diodes after annealing

at 950 °C for 20 s. The solid line &, and dotted line is denotel} . FIG. 6. Sheet resistance value vs linewidth of crossbridge resistors with

different Ge mole fraction of $i,Ge, layer deposited on the resistors.

It is also worth noting here that the (3iGe) (oSEG diode N )
depicts an ideality factor of better than 1.01 for over 7 de-cOmpositions. All samples were annealed at the optimum
cades. RTA condition of 950 °C for 20 s. The reverse leakage cur-
The forward ideality factors versus Ge composition forrent density was measured &5 V. By separating the re-
different RTA conditions are plotted in Fig. 2. As Ge com- Verse leakage current densidy into the area component
position increases, generally the ideality factor increases dus (NA/c¥) and the periphery componeds (nA/cm), and
to the increasing amount of misfit dislocations associated® using the equation
with more Ge atoms. For a suffici_ent RTA therm_al budget 3 —3,+(P/A)Jp, (1)
(e.g., 950°C, 20)s the measured junction depth is deeper ) ) ) ] )
than 50 nm, and a near-perfect ideality factor is obtained’a an be found by the intersection of the straight line with
However, as the junction depth becomes shallower, such 48€ vertical axis, while], can be found by the slope of the
the case for samples receiving RTA at 900 °C for 30 s with a>traight line. The resultanl, and Jp derived from these
junction depth of about 44 nm, the ideality factor increase<UrVes are summarized in Fig. 4. It can be seendpatal-
slightly from 1.028 to 1.084 for the SiGe, 14diode. Thisis Uesin a diode with a square or wide rectangular area are in
because with a shallower junction; more Ge atoms woul@€neral small anq exhibit little change as Ge compositiqn
increase the amount of defects lying within the depletionCha”geS* suggesting the undercut effects along the isolation
region, giving nonideal behavior. oxide edge during SEG process is reasonably small. In con-
Figure 3 shows the plots of reverse leakage current derff@st: Ja values are relatively large and also increase with
sity Jr versus the thé@/A ratio for diodes with different Ge Increasing Ge composition. This is believed to be due to the
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FIG. 5. The calculated specific contact resistivity using both the TLM FIG. 7. The sheet resistance value measured from both the TLM method
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fraction. linewidth.
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FIG. 8. (a) SIMS boron profiles andb) junction depth vs Ge composition
for strained SEG Si and Si,Ge, layer on Si substrate with annealing at (b)
950 °C for 20 s.

FIG. 9. (a) SIMS boron profiles andb) junction depth as a function of
anneal temperatures for straineq §3Ge, oo layer on Si substrate with an-

severe extension of misfit dislocations formed at thg"®3/iNd atvarious temperatures for 10 s.

Si,_,Ge,/Si interface®® As a result, the areal leakage cur-
rent constitutes a significant portion of the total leakage cur-
rent, and degrades the reverse leakage performance. With-. From Fig. 5, the specific contact resistivity indeed de-
increasing Ge composition, both the area and periphery lealcreases as the Ge relative ratio changes from 0 to 0.14, as
age currents increase. Increased Ge content atoms result predicted. A minimunpc value of 4.8uQ cn? is observed
more severe misfit dislocations and defects along the interfor the SpgdGey 14 Sample with low levein situ boron con-
face region, and thus worsen the leakage current. centration of X 10'%cm 2 in the p* region. However, the
Measurement of specific contact resistivity was per- pc value jumps to a high value for a higher Ge ratio of 0.2.
formed using both the TLM and cross bridge Kelvin resis- This is believed to be due to severe dislocations at the
tors. The results are summarized in Fig. 5. Only a smalSi, (Ge, ,/Si interface.
difference in specific contact resistivipr can be observed To study misfit dislocations and dislocations formed by
between the two methods. Theoretically, the barrier heightndercut effects in detail, the sheet resistapgeof each
¢gp formed at the metal/semiconductor interface is known tosample was measured by crossbridge Kevin resistors. The
be a critical factor in determining the contact resistiyity. measured sheet resistance as a function of linewidth for vari-
It is known that the energy-band gé&g of Si; _,Geg, changes ous samples is plotted in Fig. 6. For the Si SEG control
from 1.12 to 0.66 eV with increasing Ge mole fraction, andsample, sheet resistance decreases as the resistor linewidth
the conduction band edges are almost at the same level dtecreases and reaches a minimum value of Q23 for the
metallurgical Si and SiGe junctions. However, the potentialSi control sample. This is because for a wider SEG area, the
difference of the valence band will cause the lowering of theoccurrence of dislocations and defects between the Si SEG
Schottky barrier height (SBH) in metalp™Si, ,Ge,  region/Si substrate increases due to the propagation of misfit
junction® For the pseudomorphip-SiysGe 14 layer, the  dislocation!® which leads to a higher sheet resistance value.
SBH is expected to be lower than that of mgtdlGi by 0.07  On the contrary, for the $5:G&) g and S g{Ge, 14 Samples,
eV, which effectively reduces the specific contact resistivitythe sheet resistance increases as the linewidth decreases, due
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to dislocations caused by undercut around the field oxidéV. CONCLUSION

edge. The undesirable undercut effect is believed to be ) o N )

formed during the prebake process which is used for oxide ~1he electrical characteristics of shallop//n diodes
removal prior to the selective epitaxy growhThe prebak- fqbrlcated by selectlvg epitaxial growth of the boron-doped
ing temperature was kept at 1000 °C for 10 s. The boundary1-xC& layer deposited by UHVCME were reported. It

between substrate and patterned oxide can be attacked B{*S gog'”d that the rerfS? |e§1kage_churrent 'ZIOUlldf be opéu-
such a preclean process. During subsequent selective epit 1ze y.a'RTA at 950. C for .0 S with near | eal forwar
characteristics for the Si,Ge, diodes. The specific contact

ial deposition, the attacked region was partially refilled. Cer-

tain defects and dislocations were formed and nucleated 4FS/Stance 1S found to improve with increasing Ge mole frac-

the edges of the oxide. This phenomenon is more appareHPn‘ In addition_,_the junction depth dec_reas_es with increas-
for the resistor with higherP/A ratio. Finally, for the Ing Ge composition, due to reduced B diffusion constant as a

Sio {G&y , sample, the sheet resistance decreases as the i result of increasing Ge gradient in the transition region.
. . : . However, due to the severe undercut effects along the local-
width decreases. This is because for the sample with a hig L o ) . .
. i o e . . 1zed oxidation of silicon field oxide edge during the SEG
Ge ratio, the SigGe, »/Si interface misfit dislocations in the ) : L
process, the periphery leakage current constitutes a signifi-

active region is much more severe than the undercut effect: .
o : cant portion of the total leakage current, and degrades the
The effects of Ge composition on the sheet resistance

A . reverse leakage performance. The generalized information in
value are shown in Fig. 7. The sheet resistance was measur . e
&ns study should be useful for novel solid phase diffusion

by both TLM and crossbridge resistors. It can be seen tha rocess and MOS field effect transistor applications
both methods yield the same trend that with more Ge mol& PP ‘

fraction in the SEG region, the value of sheet resistance be-
comes higher, due to the increasing amount of misfit dislo-

cations with more Ge atoms. ACKNOWLEDGMENTS
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