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1. Introduction :

The inter-relationships among semiconductor material, device fabrication process and device performan-
ce will continue to be the key 1o superior IC product performance, reliability and yieid [1, 2]. From the point of
view of semiconductor maierials there are two ways to realize a high performance and yield in the semicon-
ductor technology. The first way is the perfect crystal device technology, the as-grown state is widely preser-
ved, and the second is the defect engineering, The first way is very expensive, cannot solve the problem of pro-
cess-induced contamination: with the increasing number of process-steps in advanced technologies. The second
way "Defect Control” and "Defect Engineering” have become an important sector of modem semiconductor
technology [2, 3]. Defect siudies in semiconductor engineering started originally with seeking methods how to
suppress generation of hannfull defects during device processing. Recently, the trend has appeared in witch
defects are positively utiliz«d to improve the device performance and reliability [4]. This plays a central role in
stabilization, development of new processing sieps, and tuning of special device parameters.

Defect engineering has acquired a form position in semiconductor technology, and not only in silicon-
based electronics. There is 22 inajor importance when we try to approach the theoretical limits of semiconductor
properties in practice.

Crystalline silicon and silicon-based materials such as silicon-germanium continue to be the primar ma-
terial system. The driving tx:hnology towards higher integration densities is memory oriented. Today the new
process lines are running with 200 mm Si wafers. CMOS is the king of technology, silicon is the king of mate-
rials [S]. At present, silicor-biased technology is experiencing the transition to the next generation of substrates
with a diameter of 300 mm {2, 6).

With the integration of heterostructures into the established silicon technology (a promising approach is
the Si/Ge system) frequencies become attainable which used to be the exclusive domain of compound semi-
conductors. Heterostructures also make a reduction of the vertical device dimension possible. Therefore, they
are well suited for advanced CMOS variants with lateral structures below 0.2 um for fast integrated circuits.
To understand the influence of new depostion methods, process-induced defects, metal contamination, and me-
chanical stress are a major task for present-day defect engineering. SiGe heterostructures with ultra thin Jayers
and ulira sharp junctions promise a novel generation of silicon devices {7). The growth of strained SiGe
enables us to apply bandgsp engineering to silicon-based devices (HBT, MODFET).

2. Misfit Strain Engineering in Heteroepitaxial Structures '

The problems concerning the epitaxy of lattice-mismatched materials are well known. For sufficiently
thin films the difference in the lattice constants leed to a pseudomorphically strained layer. In thicker films the
strain within the layer is decreased by the generation of a dislocation network. Due to the lattice mismaich of
4.2 % in the SiGe system, sizained Si; xGe, layers exceeding the critical layer thickness, relax their stress via
formation of misfit disiocaticns, their glessile threading parts intersecting the surface.

If the heteroepitaxiai film is of a small lateral dimension, then the elastic stress relaxation, due to the
boundary condition of zerc wraction at the edges, may be appreciable even at the center of the film pad. The
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strain encrgy density per unit area in a finite mesa will be smaller than that of an infinite layer. Any conceiva-
ble state of siress has three principal components. If one principal component is zero, we have the state of bi-
axial stress. Let us consider the principal components of biaxial stess oy =f (@ o, ando,=f ) o, Fa),f
{b) are functions of swess distribution along the orthogonal axes a, b. ’Far-fro’m-any free surface, the stress state
is uniformly biaxial of magnitude G, in both a and b in-plane directions. With approach to a free surface, the
principal components very apprecie(bly; the biaxiality of stress'is changing from wuniformly biaxial stress o=
oy=0y atf @) =f (b) = 1 o uniaxial loading 6; =0, 0, =0, or ©) =G,, O, =0 directly at a free surface at
f@=0,f®=10r f(a=1,f () =0, respectively. Notice that a balanced biaxial stress remains for f (a) =
f (b) < 1. Usually, elastic isowopy is assumed. Thus, the functions f (a) and f (b) must show the same struc-
ture. It has been shown by Reid [8] that, for in-plane strain, when dealing with deformation under combined
stresses, a compound patameter called the effective stress is used which is related to a corresponding effective
strain increment. The effective stress ¢ may be written in terms of the principal stresses of the biaxial stress
state

o = {(1/2) [0:% 6,4+ (6, - 5"} 2 ¢

o is itself an invariant, and its value does not depend on the choice of coordinate axes. If the layer deforms
with the substrate, the interface shear siresses acting on the potential slip systems are negligible. Putting the |
expressions for the principal components of biaxial compressive stress 61 = f (a) 6;, 6, =f (b) o, into Eq. (1),
we get a general relation for the two-dimensional misfit stress distribution in mesa structures

o=0,[ @)+ fXb)-f @ F )12, @

We can see that the effective stress © approaches a local minimum when f (@) — 0.5 f (b)) or f (b)) 0.5 f
().

We are now going 1o counsider how the function of stress distribution is structured in a patterned heteroepi-
taxial system. Previous analyses [9, 10] of the film stress op at the edges of multilayer structures have been
based on the simplifying assumption of a line force concentrated at the film edge tangential o the substrate
surface, giving a step-function stress distribution o; = ©, within the film and o; = 0 at the film edge. This
stress distribution which is onfy valid for an infinitely tigid substrate was modified by Hu [11] by allowing the
sarface film to deform with the substrate. In his model a relaxing film stress o is zero at the film edge and then
rises asymptotically towards its maximum value oy as a function of the distance from the edge. A measure for
the film stress relaxation near an edge is given by the relative rigidity K between the substrate and the layer
which can be written as a plate modulus ratic of the substraie and film materials K = p,s(l-vfz)/uf (1-v%), where
[ denotes Young's modulus, v is the Poisson's ratio, and the subscripts s and f refer to the substrate and the
film, respectively. Hu’s analysis leads to an integral equation for the film stress distribution which can only be
solved numerically. To obtain an analytical close expression for the zero traction at the edges, we fitted an ex-
ponential function to the numerical values [11] using the substrate-to-film rigidity ratio K-as a parameter. In
the K-range of practical relevance, the following relation for the film stress relaxation due to the creation of a
film edge can be given [12]

Or= 0 {1 - exp[-(2Ka/nh) 21}, | | - ®
where a is the orthogonal distance from the film edge and h is the film thickness. It should be mentioned that

Eq. (3) represents a good approximation of the numerical solution of Hu’s integral equation and now makes it
possible to analyse the biaxial stress problem of a patterned layer structure on substrate,
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So far we have been consicering stress relaxation near a single film edge. The general result is presented in
Fig. 1 (a), (b).
Imagine now a second infinitely long edge lying paral-
lel in opposite direction to the first one at a distance of
A, Substituting into Eq. (3) (A-a) for a, we get the film
stress distribution ©;” near the second edge

6;" = oy (1 - exp{-[2K(A-a)/mh]**}) . @
a)
I — o According to the principle of superposition, we com-
= — bine the last two Egs. (3) and (4) and get a uniaxial
:-: misfit stress distribution produced by a double edge.
& Applying this result to the previous equation o; =  (2)
b %{)I ) s Oy, the function of stress distribution along the axis a

becomes [13]
Fig. 1. Schematic diagrams siowing (a) a single f(a) = 1-exp[-(2Ka/mh)'?] - exp{-[2K(A-a)/mh]*?}. (5)
edge of a heteroepitaxial layer structure on substrate T e dissbition of the Bthcal
(h is the Jayer thickness anc &y, ag represent the lat- A e Same: manker the sstbuuon oL Dig priciy
; stress 0y = f (b) o, along the axis b between two edges

tice constants of the layer and substrate material, re-
spectively) and (b) the corresponding orthogonal baving a distance of B to each other will be simply

components of stress distribution f (a), f (b) in the f(b) = 1-exp[-(2Kb/nh)2}-exp{-[2K(B-b)/ah]2}. (6)
film versus distances a, b from a film edge.

Using these orthogonal components of stress distribution in Eq. (2), the effective stress o of the biaxial stress
state of a rectangular mesa situcture A-B-h on substrate is obtained. The boundary conditions of Egs. (5) and
(G)are0<ab<A,Band 0<f (a), f (b) < 1. Two limiting cases are readily apparent from Egs. (2), (5), and
(6). They are: =04 forK —> 00 or(AorB) — o and 0=0 for K—0 or (Aand B) — 0. To summar-
ize, then, the expressions (2), (5), and (6) are very useful. They allow us to predict the alteration of misfit stress
values in dependence on muterial and size characteristics of the patterned heteroepitaxial layer-substrate sys-
tem.

So far we have been considering elastic misfit stress relaxation in a monolayer mesa structure on infinite s-
ubstrate. Imagine now a second thin layer of thickness H lying between the strained film and the bulk material,
€. g. a buffer layer, and that the left half of the bilayer system is severed from the substrate. It allows the multi-
layered coating of thickness (+H) as a whole to deform with the substrate, as illustrated in Fig. 2 (a), (b). This
means that for a bilayer mesa structure studied here, the underlying layer H acting as a partial free-standing
substrate for the strained layzat pad becomes apparently softer. Obviously, the effective rigidity ratio of the pat-
terned substrate and the strain>d layer diminishes as the thickness of the underlying layer increases. Considet-
ing the bilayer-on-substrate stucture to be two elastic systems acting independent upon one another, we get
the new measure for the effective film stress relaxation: [(h+H)/K]eq = h/Ky+H/Ky, where Ky, is the relative ri-
gidity between the pattéme(} underlying layer H and the upper layer h, and Ky is the relative rigidity between
the infinite substrate and the patterned underlying layer H. For our vertical structure - strained layer / substrate
buffer layer / substrate - where Ky = 1, the term [K/ (b+H)lu is equal to Kp/(h+K H). To consider the effect of
patterned substrate structures on elastic strain relaxation, we replace the value K/b by the term KAh+KH) in
Egs. (5) and (6). (For simplicity, the value Ky is represented as K.)
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Now the orthogonal components of stress distribution can be written as

f@= 1-exp(-2Ka/m(+KH)]"?} - exp{-[2K(A-a)/m(b+KH))}, o
f (b) = 1 - exp{-[2Kb/m(h+KH)]*?} - exp{-[2K(B-b)/n(h+KH)]'"?}. ®)
, ap Fig. 2(b) shows how these functions of stress distribution

11 differ from the first ones for a monolayer edge system
h Layer represented in Fig.\ 1(b). Notice that the former distribu-
tion functions (5). and (6) represent a.special case of the

- functions (7) and (8) for H = 0. Let us now take stock:

For heteroepitaxial mesa structures on unpatterned sub-

Substrate strate, the strain is predominantly in the epitaxial thin
film because the substrate is t0o rigid to be compliant.

For small substrate islands, the swrain energy is more
evenly distributed between the epilayer and the substrate
) material so that the strain energy density per unit area is
; reduced.
- Using the new orthogonal components of stress distri-
b) o a; b bution in Bq. (2), the effective stress ¢ of the biaxial

Fi c e _ 5 stress state of a multilayered rectangular mesa structure
ig. 2. Schematic diagrams snowing (a) a single .
edge of a bilayer structure on substrate (h is the A-B-(b+H) on substrate is obtained. The boundary condi-
layer thickness, H is the underlying layer thick-  tions of Egs. (7) and @) are 0 S ab< A, Band 0< T (a),
ness, and ay, ag represent the lattice constants of f (b) < 1. Two limiting cases are readily apparent from

the layer and substrate matexial, respectively) and .
(b) the corresponding orthogonal components of Egs. (2), (7), and (8). They are: 6 = ox for (A orB) — e
stress distribution f (a), f (b) in the film versus dis- and o =0 for (A and B) — The application of our stress

tances a, b from a film edge. analysis will now be discussed briefly. Take the case of
K = 0.8 for the substrate/layer systems S¥/SiGe, Ge/Si, or InP/GaAs. The results of the residnal elastic stress
calculation are shown in Figs. 3 and 4 for relaxation via strained layer mesa structure on unpatterned substrate
of the size A-B-h and strained layer mesa structure on patterned substrate of the size A-B-(h+H), respectively.

Reduced Risit Stress
Reduced Hisfit Stress

Fig. 3 and 4 Plot of reduced misfit stress 6/6 ; vs A/h = 35, B/h = 35 for the case K = 0.8, Fig. 3 H= 0 and
Fig. 4 H=10h

4h
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To s1mphfy matters the effective stress © reduced to the ratio oloy is plotted versus the normalized mesa sizes
A/h and B/h. From Fig. 3, it is seen that the misfit stress is hardly relaxed in mesa structures on infinite sub-
strate. However, Fig. 4 shov»s the intense stress relaxation expected from strained layer mesa structure on pat-
terned substrate. Here it is obvious that, ata gwen epﬂayer thickuess, the strain energy density per umit area in
a patterned lattice-mismatchei! heterostructure is apprecxably lower than that of a strained layer mesa structure
lying immediately on an infinite substrate.

3. Deformation Behaviour of Strained Layer Heterestructures

To demonstrate the piysical significance of our new approach in equilibrium theory for strained layer
relaxation [14], we have calculated the equilibrium critical thickness of Siy_,Ge,/Si strained layers as a func-
tion of the fractional atomic e content x and compared our results with those predicted by classical relaxa-
tion models, which do not inctude surface relaxation effects. Taking the in-plane misfit strain £ = 0.0418x and
the eqpilibzium conditions for the point of strain relief onset via plastic flow, i.e., Toze =0 and misfit disloca-
tiqn v‘epacing P —> =, leads to the following expression for the critical thickness Pt

1-¥

beosh |1+ 4 1n Derit ©

0.0836 hori 4 1 cos ) cos ¢ (1+v) b

In the absence of surface relayation forces, the equilibrium critical thickness of a single strained epilayer upon
a substrate of different lattice parameter according to Matthews and Blakeslee is given by the formulaUOn re-
ported in reference [8]. Inse.tig appropriate material parameters in Eq. (9) and in the MB fmmulanon CosA =
0.5, cosp = 0.816, v = 0278, and b = 3.84 A for growth on (001) surface, the critical thickness calculated
for the two different models are plotted in Fig. 5. It is seen, at first glance, that our values of k represented
by Eq. (9) are much larger than the values calculated using equation of MB. Moreover, for a fractional atomic
Ge content x greater than 0.5, the MB formulation does not provide any value for ;.. Additionaily, we have
compared our theoretical results with the published experimental data [16,17] of Ay, obtained from Sij.
,Ge,JSi structures, grown by molecular beam epitaxy at a growth temperature of 750 °C. For each composi-
tion, there is good agreemeit between our theoretical resulis and experimental data reported in {16 and 17].
For example, for x = 0.25, #_ was found to be approximately 200 A. As seen in Fig. 5, for this case, our
analysis yields the value of %60 A. The MB model predicts only an equilibrium critical thickness value of 60A.

Let us now consider tilm stresses for elastically strained Siy_,Ge,/Si layers. For the pseudomorphically
strained layer case, where p - » =, the in-plane film stress o becomes.

¢=2G0A+Y) (40418 x - bcos ! \ ' (10)
1-v 2h ;

This equation can thex be used to predict the stress response to a strain increment, which is related to the
volume change of the layer. The first term on the right-hand side corresponds to a volume expansion due to Ge
incorporation and the second one to a volume contraction via surface relaxation. Thus, the residual in-plane
strain is given by & = 0.0418x-(bcosA/2h). For thin layers, this relation is essential for experimental deter-
mination of x as a function uf the tetragonal distortion of the cubic lattice cells. Figure 6 shows a plot of & vs
hfor x = 0.3, G = 51 GPs. This relation has been studied experimentally too. The in-plane epitaxial filn
stress o as a function of layev thickness was measured in a Thin Film Stress Measuring Apparatus. In Fig. 6,
our experimental data are also shown. It is seen that there is good agreement between our theoretical results
and experimental data. This tells us that the elastic coberency stress of the strained material in the plane of the
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surface is really affected by a large surface relaxation stress, Consequently, calculations of the Ge composition
1000 x for 8iGe epitaxy based only on misfit strain values assuming bulk
lattice spacings could be seriously in error.
Finally, we will examine the plastic flow, work hardening, and
the degree of strain relaxation in

e v
w"'ﬁ""” i

f,
\ Si;.Ge /81 layers. The in-plane film stress ¢ becomes:
160 o _2G(1+V) _bc()s?\‘
F A

MB\\ Putting the values of the material parameters into Eq. (11), assum-
\ ing a metastable epilayer with x = 0.3 and % = 500 A, we can eval-
uate the vartiation in excess resolved shear stress [14] acting on the

¢ 02 04 06 08 1 glip system 7., and epitaxial film stress o for the complete ther-
Ge Content, x

Equilibrium Critical Thickness, kg, (A)

10

mal refaxation process. At the beginning of deformation, where p
Fig. 5. by vs x for different relaxa- > 00, Tor. = 0.7 GPa and ¢ = 1.9 GPa, as illustrated in Fig. 7. Dur-
tion models; non-siress-free hody (MB), ing plastic flow via dislocation generation and propagation, Tog,
stress-free body (F: this study). and o diminish continuously and then remain unchanged at zero
and 1.15 GPa, respectively, whereas the shear self-stress component 7 tises to its maximum valve. At this
equilibrium deformation stage, the applied misfit stress and the shear component of elastic stress field due to
dislocation interaction compensate one another and strain relief via plastic flow comes to rest. Thus, as a result

of work hardening, the lattice mismatched epilayer will remain in a certain state of strain at the end of relaxa-

tion process,
x=03 x=03 h=5004
23 i H : [ ‘ “
In-plane Misfit Stress -‘_'E-"“‘w '
2.1 1.6 \ i
8
ol il = \\' .
£ 17 % g 12 5 -
5} ol / S | SwinRelef via Pastic Flow | 3
2 % ¥ @
§ 13 b : g 08 ' 'E .
. /in-plane Film Stress o 'M:ixi/j ?r
: %3]
0. 0.4 {
0.9 f |
Ts !
05 g
100 200 300 400 500 2000 1000 0
SiGe Layer Thickness, h(A) Dislocation Spacing, p (&)
Fig. 6. Theoretical (solid line) and ex- Fig. 7. Decrease in film steess ¢ and ex-
perimental () film stress o' vs A. cess shear stress Ty during plastic

flow as a function of spacing p.

4, Stepwise Equilibrated Graded Buffers

An essential requirement for n-type modulation doped Si/SiGe structures is a Si-channel being under
tensile strain. Strain-relaxed compositionally graded buffers provide a possibility to adjust the lattice constant
of a §i or Ge substrate wafes to any value between these two elements. In this way a tensile strained Si channel
can grow on a totally relaxed virtual SiGe substrate. The major problem of these totally relaxed heterostruc-
tures are threading dislocations (TDs). Due to the lattice mismatch of 4.2 % in the Si-Ge system, strained
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layers exceeding the x-dependent critical layer thickness relax their stress via formation of misfit dislocations.
Their glissile threading parts intersecting the surface are detrimental to transport propertics of modulation-
doped stmctures [18] Usually, TD densities between 104 and 108 cm 2 have been obtained in compositionally
graded buffer layers [18 - 25], However, all these methods to grow unstrained Sij.xGey buffers operate
without adjustment of ethbnum conditions for stress relaxation. In our experxments stepwise equilibrated
graded buffers on Si were grown by APCVD with TD densities in the 107 t0 103 cm2 range {26]. These buf-
fer layers were grown stepwise with a layer by layer increasing Ge concentration. After each layer the growth
process was stopped in order to achieve a hearly complete stress relaxation during an in-sitn anneal at
temperatures > 1000 °C. In this way each layer of the buffer is grown on a relaxed alloy layer. .

Stepwise equilibrated graded buffers were grown on 4 in. (001) boron-doped FZ silicon and CZ silicon

wafers with resistivities of 6-8 Qcm and 1000 Cem (only FZ) in order to study the influence of the substrate.
material. The ideal step width is"5 % Ge, however, deviations of + 3 % Ge of the step width are possible. In
this way 4-step and 5-step buffers were grown capped with a 300nm thick layer of the same concentration as
the upper buffer layer containing 23 % Ge and 28 % Ge, respectively. Each and every layer deposition was fol-
lowed by an in-situ anneal in hydrogen at 1050 °C usually for 1hour.
Owing to the extreme low density of TDs their density was counted by interference phase contrast microscopy
after etching the surface with a diluted Yang etchant [27]. The equilibrating in-situ anneal after each layer
requires extended periods of time as demonstrated in [28]. It is shown that the first balf of misfit strain is
relaxed in less than 5 min. Tn contrast, the relaxation of the residual strain needs more than 1 h. Especially, all
the dislocations that have not reached the opposite wafer edge ate responsible for the TD density in the cap
layer, Most of the gliding TDs are nucleated at the wafer edge. Detailed ihvestigaﬁons concerning the aonea-
ling time dependence during gron of 4-step buffers have shown that 1hof equilibration ai 1050 °C is
needed in order to achieve ieally low TD densities of 102 to 1()3 cm'2 [16]. The silicon substrate material has
an important influence on the quality of the cap layer, It is impossible to grow buffers with low TD densities
on CZ silicon because to much sources of distocations exist in the substrate that cause an uncontrolled nuclea-
tion of extra TDs. Also the resistivity of FZ silicon has an influence on the processing conditions. The upper
temperature for the equilibrating heat treatments is limited by slips in the substrate also leading to uncontrolled
dislocation nucleation [26]. The higher the resistivity the lower the highest possible annealing temperature, For
6-8 Qcm and 1000 Qom FZ silicon equilibration annealings at 1050 °C and 1020 °C, respectively, are pos-
sible. However, the lower the annealing temperature the longer the equilibration needs because the glide
velocity is decreasing with Jecreasing temperature. Therefore, 1000 Qcm wafers require 1.25 h equilibration
annealings instead of 1h used for 6-8 Qcm material.

TEM studies [28] of the dislocation network after in-situ annealing of the ﬁrst buffer layer have shown
that 60° and 90° dislocations are present. With increasing annealing periods more and more misfit dislocations
bend off the <110> directions first to <100> directions and later to some other directions. It is believed that
this is due to interdiffusion which remarkably infiuences the relaxation process at such high temperatures. In

Fig. 8: TEM cross-sectional micrograph of a 5-step buffer with equilibration annealings at 1050 °C for 1 h
and 28 % Ge in the cap layer
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the beginning dislocations are also emitted into the substrate. They connect the dislocation networks between
the buffer steps and at least a threedimensional network is formed in the finished buffer as seen in Fig. 8.
Above this network exists a perfectly grown layer almost free of TDs,

i‘éﬁac‘j’ ‘ ‘ ' . lSUbStrit:E Secondary ion mass spectrometry (SIMS) measurements
. have shown that the step grading was smoothed during the
- v L 120 ,8_ in-situ anneals [29]. The profile of the Ge concentration
3\3 304 " Zé bears a great resemblance to continuously graded buffers
o 25_%% FE 115 % shown in Fig. 9. This graph additionally contains the hard-
,é 20 \%‘“’“% S % ness profile Of‘l the buffer. The hardness is increasing with
g % g Ge concentration.
§ 15 x\“ ] 105 5 1t was shown that equilibration annealings at temperatures
8 10 &5 h (ﬂc@ > 1000 °C are an effective way to reduce the threading dis-
& 5.4 %‘\% F100 £ location density in the cap layer of GeySiy_y buffers to
i * values lower than 103 cm™2, Tn this way relaxed buifer
R P e P e g layers of high thermal stability are attainable. The tempera-
Depth [nm] ture and duration of the equilibration annealings depend on

th istivity of the FZ silicon.
Fig. 9: Ge-Profile and hardness of a bevelled © resis VIR i e 2. siliean

SiGe buffer

5. Optimal Doping Concentration Profiles and Influence of non-equilibrium Point Defects
One of the most importand requirements for profile and defect engineering is to obtain and to keep the
optimal dopant concentration. profiles in HBT structures. Process induced point defects are one reason which

can significantly influence these profiles. A principal composition and doping profile for a HBT with high
transit frequencies f- is shown schematically in Fig. 10.

23
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Fig. 10: Vertical composition and  doping pro- Fig. 11: Simulated transit frequency at optimum
fil (schematic) for a HBT structure with high transit  current vs position of the B peak
frequencies fr

Authorized licensed use limited to: Finnegan Henderson Farabow Garrett & Dunner. Doérﬁoaded on March 25,2024 at 22:19:16 UTC from IEEE Xplore. Restrictions apply.




In this profile a sharp B doped area (in the given case delta-like) is located within a 30 nm Si;_, Ge, layer with
a graded Ge profile, increasing from about 5 at. % to about 20 at. %, over a distance of about 20 nm, followed
by an about 10 nm region with constant Ge level of 20 at, %. The emitter is formed by ultra-shallow out-diffu-
sion from a highly doped layer of about 150 nm poly-Si with a diffusion length into the Si substrate of less
than 50 nm. The collector, grown on a Sb-doped substrate, is doped with Sb during the MBE growth.

As visible from Fig. 10, the heterostructure is characterized by ultra-shallow junctions located inside
different materials, However, the situation becomes even more complicated as a result of fechnological proces-
sing of the grown structure, One important feature is the possible B out-diffusion from the Si;_, Ge, layer, as
shown schematically in Fig. 10. Out-diffusion of B towards the emitter (ABp) of only a few nm reduces f
significantly, and the same holds for out-diffusion towards the collector, Boron'is generally supposed to dif-
fuse in a silicon crystal predominantly by a mechanism that involves Si self-interstitials. Thus, the interstitial
part of its diffusivity at a particular point in a Si lattice depends on the interstitial concentration in that point.

The out-diffusion of the B at the emitter side results in an electric counter field in the Si part of the base
since the field from the steep rising boron profile is no longer compensated by that from the graded Ge profile.
On the other hand, out-diffusion at the collector side results in a strong counter field produced by the decline of
the Ge concentration within the base which is no longer compensated by the electric field of the space-charge
region. Both of these effects reduce current gain and the transit frequency drasticaily and make the transistor
useless for high-specd applications.

In [30] B profiles of the same dose but of dlfferent shape and position were mvestngated namerically, In
order to demonstrate the position. dependence of f the B peak was moved from its optimum position
(dg=80nm) towards the emitier and the collector respectively, Again, for each position the transit frequency f
at optimum collector cuirent was calculated. The results are represented in Fig. 11

We observe a drastic reduction of f produced
by a doping shift of a few nanometers, especiaily at
o107 the collector side. We conclude that an accurate
knowledge about shape and position is of the doping
pro-file is required for device and defect engineering.
10™ . :::xg ; It is desirable to measure the doping profiles of the
Psice HBT structure with a depth resolution in the range of
3 to 5 nm, to characterize quantitatively the Ge con-
cenfration and the gradient in the base area of about
30 nm, and the relative position of B in the base. The
1677 measurement of B out-diffusion is closely related to

Vi the optimization of the technological process since it
] )\X& allows an estimate to be made of the upper limit of
mwjre;M L' A S the temperature-time budget and critical steps from

10 150 200 250 800 356 400 he position of point defect injection.

depth (nm) Figure 12 shows an example for increased out-diffu-

sion of B in a HBT structure due to non-equilibrium

Fig. 12 SIMS depth profiles indicating increased B point defect injection (Si self interstitials) from a high
out-diffusion in SiGe layers into a high doped As sub- ¢oncenration implanted As sub-collector (curvel) in
collector (Curve 1) in comparision to a Sb doped sub- comparison to a lower doped Sb subcollector

collector (curve 2).
(curve 2) processed under the same conditions.

(at.cm”

-
&,
=

boron concentration
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