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How to make a better Transistor

Ne % Yn —— Graded Base transport

NB Us
\ Polysilicon Emitter

Heterojunction bipolar transistor

lgpoly,ballistic

2 ~EqB
Ne _ NC,BNV,Be " :e(Eg,E_Eg.B)ﬁ

nz,E NC,ENV,Ee_Eg'Eﬁ

Emitter bandgap > Base Bandgap
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525 MM Heterojunction Bipolar Transistors

L) nancHUBorg

i) Wide gap Emitter HBT

p+
base

EGZ

i) Double Heterojunction Bipolar Transistor
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Mesa HBTs

n
emitter collector

Mesa HBT

Intentional traps,
Fermi level pinned
Low conductance
Low capacitance
High speed

n-collector

n+

semi-insulating substrate
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0 Applications
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1) Optical fiber communications
-40Gb/s....... 160Gb/s

2) Wideband, high-resolution DA/AD converters
and digital frequency synthesizers

-military radar and communications
3) Monolithic, millimeter-wave IC’'s (MMIC’s)

-front ends for receivers and transmitters

future need for transistors with 1 THz power-gain cutoff freq.

b
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Background

- 1 FEEE e
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Kroemer

Schokley realized that HBT is possible, but Kroemer really
provided the foundation of the field and worked out the details.

e
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Herbert Kroemer, “Heterostructure bipolar transistors and
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Topic Map

Equilibrium |DC |Small Large |Circuits
signal | Signal

Diode

Schottky

BJT/HBT ‘

MOS

Q’Y
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Bandgaps and Lattice Matching
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Fig. 7.6. Bandgap energy and lattice constant of various T11-V semiconductors at room
temperature (adopted from Tien, 1988).
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Band Diagram at Equilibrium

O+D=qg(p-n+Ng=-Ny) «——— Equilibrium

on_1
EzaD.JN “Ivt Oy )
Jy =anuE+qgD,On DC dn/dt=0
> Small signal dn/dt ~ jutn
% =1|] -1 +g, Transient --- Charge control model
q

Jp =0PE-aDLp )

[W
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22 ACN N-Al, ;Ga, ;As: p-GaAs

U nanoHUBorg T e-l Hetero.unction

E, =~180eV

Abrupt junction HBT

"ol
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qVy, = Eg,2 EEAYSREAYIR D SR

NNy
“E_,/kgT +(X2 _Xl)
Ny oNc.e ™

Q’Y
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’3%% n%e-n- Interface Boundary Conditions
[gl=Talsl .Bl’g
E-field
I—L} Position
) Xo
D (O_) =D (O+) Displacement is
~ . continuous
KlgOE(O ) a K2£0E(0 ) D is not
dv continuous if
K& ——| =K, &,— there is a
dX |- dX|y:  surface charge
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Analytical Solution for Heterojunctions

Charg 1\ ONGX,
e E(07)="2>
kS,E‘gO
N, X
E(0+) — q Ap
. ks B£0
E-field :
= NpX, = N,.X,
Charge continuity
(independent of k)
Potential ¥ . i} )
. v EO)%  E(0)x,
L ' bi +
L ! - 2 2
; _ X ,
\_ - aNp X, + AN A%,
2ks,E£0 2ks,B£0 )
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525 MM Base Emitter Depletion Region

L) nancHUBorg

X, >< X, >
h 2¢, K. K. N
NEXn,BE = NBXp,BE x = [ s.eXseNB v,
q Ne(Ks,ENB"‘KS,BNE)
>
= qNEXn,BEZ + qNBXp,BE2 X 280 Ks EKs BNE
[ — A, |
2K5,E£0 2Ks,B£0 P p q NB(KS’ENB"'KS’BNE) bi
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“Heterostructure Fundamentals,” by Mark Lundstrom, Purdue
University, 1995.

Herbert Kroemer, “Heterostructure bipolar transistors and
integrated circuits,” Proc. IEEE , 70, pp. 13-25, 1982.
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Abrupt junction HBT

"ol
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E, Vacuumlevel e
......... 1
X, qv(x) qv,
wdo l
...................................... .
E, [ E
V]P I
E, ~1.80eV AE, Xs
v, |
E. T E.
= \\ E, =1l42eV
AE, 3
PURDUE Kimeck-Ecca Depletion layer  Depletion layer o

N-p vs P-n of Type | Heterostructure

7 E el d2eV

EF —— e e

_ i
E _—uzlﬁuc\f
AR ls
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(AlinAs/InP) Type Il Junctions

/- --------------- Vacuum level
_______________ / X2
X1 Ec
................................................................ EF
EV
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s MCN -Aly 5Ga, ;As :  -GaAs Junctions
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‘Isotype Heterojunction’

E. /l/f T E.
E ~142eV
E ~1.80eV ! E,

Depletion Layer Accumulation Layer

Metal-Metal junctions have similar features ...
different workfunctions => different band lineups
thermoelectric coolers ,
electrons traveling from one side to the other

can gain and lose energy
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P-GaSb : n-InAs (Type IlI)

Eo Field-free vacuum level
X
- |
C
T X,
E, ~072eV
|
EV 7 Er
4 EC
EFn
EG =0.36eV
LE,
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5 MNCN P-GaSb : n-InAs (Type Il)

L) nancHUBorg

E. i AE. =0.87 eV

E,=0.72eV

° & —~ r &
E, = E, ~036eV

- E,

Accumulation Layer!  Accumulation Layer!
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Conclusion

1. Heterojunction transistors offer a solution to the
limitations of poly-Si bipolar transistors.

2. Equilibrium solutions for HBTs are very similar to
those of normal BJTs.

types of heterojuctions. Each has different usage.

section.
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“Heterostructure Fundamentals,” by Mark  Lundstrom, Purdue
University, 1995.

Herbert Kroemer, “Heterostructure bipolar transistors and
integrated circuits,” Proc. IEEE , 70, pp. 13-25, 1982.
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Abrupt Junction HBTs

Ng
), = o
J :q i _pquBE/kBT
1 p
NE WE

2
r]|E

Dp/\NE)

I,E
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‘]n,BﬂE =0 |Yre® =J,(Vee =0) 2
Ng ‘]n =q Ng URpe—AEC/kBTquBE/kBT

B= Ne Y ng o0 /KT
N, (

C
AEV i
2 -E, 58
ni,B _ NC,BNV,Be e - (Eg,E-Eg,s)ﬁ
E J 2 ~Eq.eB =€
v — ) n NceNy g€ ™

Gain in abrupt npn BJT defined
only by valence band L= Noe  Yro
discontinuity! \\ Npe (D,/We /%
27_A

2B ACHY ... but we are hoping for even better gain

U nanoHUBorg

IB _,ni_z"?’x&x Yin N Yin
M. N, D /W. N, D_/W,

p

N UR 1k T
B=—FE L gl Abrupt junction HBT
NB (DP/WE) P

For full gain, we need graded junction HBT
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“Heterostructure Fundamentals,” by Mark Lundstrom, Purdue
University, 1995.

Herbert Kroemer, “Heterostructure bipolar transistors and
integrated circuits,” Proc. IEEE , 70, pp. 13-25, 1982.
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o'*g% Q%ﬂq Abrupt Junction
V(x)
X, X, X
t V. T E. \
E _MlAZ eV ;
E,
E,=180eV AEV
X(X)
EV B
E.(9=E,~ X() -V (x)
=Xy X, X
E () =E(X-EX)
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Graded Base-Emitter Junction

V(X)
X, X, X
E, N\
E. 4 1
| E,
EG =1.80eV AEV
X(X)
e, —
E.()=E,~x®-V(X)
X, X, X
E () =E()-E((X
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o ranoHUB.org Current Galn

No exponential Suppression!

Jn — /J =q[ ni%a ]anquBE/kBT \

I J o = q nizE &quBE/kBT
E >E NDE WE
GE GB
l Noe D, W, 1
E, J ﬂ: DE_n_E_|ZB
— p N ’
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1) Thin Base for high speed

2) Very heavily doped Base to prevent Punch Through,
reduce Early effect, and to lower R,

3) Moderately doped Emitter (lower C; 5¢)

“inverted base doping” Nas >> Npe
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How to make a better Transistor

2
Mo, Ne D,/Ws —— Graded Base transport
ﬁpoly,ballistic ) N_

n,E B Us

l \ Polysilicon Emitter

Heterojunction bipolar transistor

2 ~Eq88
N — NC,BNV,Be " ~ (Ege~Eqgp)B
2 Eg,Eﬁ

e  NeeN, e

e
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55 NCN Graded Bases
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Intrinsic Uniformly p-doped
compositionally graded compositionally graded
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Graded Base HBTs

j n
E. E,
EV
=,
X
A(\S
i e
fran®
Bas®
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University, 1995.
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Equilibrium solution for heterojunction

“Heterostructure Fundamentals,” by Mark  Lundstrom, Purdue

Herbert Kroemer, “Heterostructure bipolar transistors and
integrated circuits,” Proc. IEEE , 70, pp. 13-25, 1982.




Double HBJT

éymmetrical operation\

(simplify circuiots)

* No charge storage when
the b-c junction is forward
biased
(ni is smaller)

* Reduced collector offset
voltage

X
 Higher collector
breakdown voltage
(higher gap) %
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S5 NCN Offset Voltage
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\/CE
doesl.=0atVs =07?
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Offset Voltage

X Qﬂl-i’z-% j

set J. = 0, assume V¢ = 0, solve for V=Vq

Q’Y
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S NCN Offset Voltage Result

) nancHUBoerg

K, T
Vos :BTIn(l"']/yR)

J (niZB/NAB)(Dn/WB)

3. TR Noc) (B, )

(Reverse Emitter injection efficiency)

R =

Want a large ) for small V.. Wide bandgap collector helps.
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“Heterostructure Fundamentals,” by Mark Lundstrom, Purdue
University, 1995.

Herbert Kroemer, “Heterostructure bipolar transistors and
integrated circuits,” Proc. IEEE , 70, pp. 13-25, 1982.
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o5 AVER) Putting the Terms Together

L) nancHUBorg

Collector transit time

Kirk Current
log, | | | Base transit time

___________________ |
e Tog, Ic e
junction charging time ...

Quations: Why does HBTs have such high performance ?

"l
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LT Epitaxial Layer Design (Il)

DHBT: Abrupt InP emitter, InGaAs base, InAlGaAs C/B grades

InGaAs 3E19 Si 400 A
InP 3E19 Si 800 A
InP 8E17 Si 100 A
InP 3E17 Si 300 A
InGaAs 8E19 > 5E19 C 300 A

Setback 3E16 Si 200 &
Grade 3E16 Si 240 A
InP 3E18 Si 30 A
InP 3E16 Si 1030 A
InP 1.5E19 Si 500 A
InGaAs 2E19 Si 125 A

0.0 0.1 0.2 0.3 0.4
InP 3E19 Si 3000 A Poaition £l
SI-InP substrate
S
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Epitaxial Layer Design (lll)

InGaAs/InGaAsP/InP grade INP/GaAsSb/InP DHBT
1y et | s o s Fcaphete d Mot M wersls TuAta
1630 Man 1995 Dhves, Swiserla
_ o . 2 InP/GaAsSh/InP DOUBLE HETEROJUNCTION BIPOLAR
InP/InGaAs DHBTs with 341-GHz £ at high curvent density of aver 800 kA/cmy TRANSISTORS WITH HIGH CUT-OFF FREQUENCIES AND
Iviineny 1da, Kenji Kerishime, Mo vkt Watanabe, ad Takaicow Enoki

BREAKDOWN VOLTAGES

1. Matine, M, W. Diorak, X. G. Xn, 3. F. Watking, and C. B. Bolognesi

T T ! 1.5

mGaAs®  |[EDM 2001

= I B0
z g
Z0 505 E
g -
= _1.5F,.., P I DU T e
1000 2000 3000 4000 5000 6000 7000
) Distance from Surlace [A]
g ihec B . Cnlkcu::r - - does not need B/C grading
0 S0 100 150 200 - E/B band alignment through
Position (nm) GaAsSb alloy ratio (strain)
or InAlAs emitter
-suitable for MOCVD growth - somewhat poorer transport parameters
_ excellent results to date for GaAsSb base

"ol
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Summary

1) The use of a wide bandgap emitter has two benefits:
-allows heavy base doping
-allows moderate emitter doping

2) The use of a wide bandgap collector has benefits:
-symmetrical device
-reduced charge storage in saturation
-reduced collector offset voltage
-higher collector breakdown voltage

3) Bandgap engineering has potential benefits:

-heterojunction launching ramps
-compositionally graded bases
-elimination of band spikes

4) HBTs have the potential for THz cutoff frequencies.
However, it has yield issues and heating and contact R problems.
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o5 AVER) Outline from previous lecture

L) nancHUBorg

1) Current gain in BJTs

2) Considerations for base doping

3) Considerations for collector doping
4) Intermediate Summary

5) Problems of classical transistor

6) Poly-Si emitter

7) Short base transport

8) High frequency response

9) Conclusions

REF: SDF, Chapter 10
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Topic Map

Equilibrium |DC |Small |Large |Circuits
signal | Signal
Diode
Schottky
BJT/HBT ‘
MOS
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|°910|18|
@
1B@) = o 2
1 . log,, f
) f
""""""""""""" Desire high f;
|:Cj,BC +Cj,BE:| =High IC

Small Signal Response

=Low capacitances
=Low widths

s0 &




T80 e Frequency Response

Mid-Frequency Band

+—r

Low Frequency Band High Frequency Band
= The gain of an amplifier is affected by the capacitance associated with its circuit.
= This capacitance reduces the gain in both the low and high frequency ranges of
operation.
= The reduction of gain in the low frequency band is due to the coupling
and bypass capacitors selected. They are essentially short circuits in the
mid and high bands.
= The reduction of gain in the high frequency band is due to the internal
capacitance of the amplifying device, e.g., BJT, FET, etc.
= This capacitance is represented by capacitors in the small signal equivalent circuit
for these devices. They are essentially open circuits in the low and mid bands.
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Small Signal Response (Common Emitter)

From Ebers Moll Model

DC Circuit => AC small signal Circuit
C, BC In reverse bias, 1z=0
Cll
lg | lc
acl. —agly
() é _—C
T ngS?
I
a_d, _d[(-a)l]_d, _ 1 de
rﬂ dVBE dVBE kBT IB DC kB-I-
e =1 (e 1) _d(@ele) _dle

" dVie KT
J(HFIF) = 0,O0Vee = 0, Vse
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Short Circuit Current Gain

B(f)=lc = Gnbee *16C,Uen
B C C [
l——l ”“ v ¢ [rUBE+JaCnUBEJ+JaC#UBC
I w
Lok, () .
o] | prryersSmidC | e |
¢ E ’ ( +ja+cn]+jwc i« (c,+c,)
1_ 1 _C+C,
@_ZﬂfT gm
+
kT = Case _dQp
Qe % dig/dVe  dig
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D | Short Circuit Current Gain
U nnnoHUB.crg

B Cuyy C

0 i ¥

r.$ TC, <1> : ‘ ‘
L N ORI Bl Y
A [7:{+Jwrcnj+jac,,‘ e {Gre)

1.
a‘%’ 27Tf-|- gm

kT ' Cisc _dQ,
gle % dic/dvge  dic
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Short Circuit Current Gain
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L
] |
r} =c, (D!
InYee I
e
1_.1 _G+C, _E'R'B_T"( """"" N
w 2mh g, g\

VT
C, BE);#L(C&BC +%E) ;
________ et /S
E@: = C¢m =dQB
al, % dig/dv,.  di
55 $§
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Base Transit Time

Ref. Charge control model

Base
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Collector Transit Time

Electrons injected into collector depletion
region — very high fields more than
diffusion => drift => acceleration of carriers

I:>Charge imaged in collector
7
g R .,

s USat
----------- b\ i
i [T T
t
r W .
T :ﬂ:__ BC —XIXT=(
eff ,BC .
: I 2 20, s
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X NCN Putting the Terms Together

U nanoHUBorg

Collector transit time

log,| f; | Kirk Current Base transit time

1 |

I K logy, I Junction charging time

Do you see the motivation to reduce WB and W as much as possible?
What problem would you face if you push this too far ?

Increasing I too high reduces Wy and increases the overall capacitance
=> frequency rolls off....
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High Frequency Metrics

/ (current-gain cutoff frequency, f;) \

1 — W|32 +WBC +kBT/q
2rf, 2D, 2v

sat IC

(Cj,BE + CLBC) +(R,+R)C,

(power-gain cutoff frequency, f..)

fr

.
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We have discussed various modifications of the classical
BJTs and explained why improvement of performance

has become so difficult in recent years.

The small signal analysis illustrates the importance of
reduced junction capacitance, resistances, and transit

times.

Classical homojunctions BJTs can only go so far, further
improvement is possible with heterojunction bipolar

transistors.
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