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Bandgap narrowing in heavily doped. p-type GaAs is estimated by
photoluminescence neasurenent. Measured- values agree well with the
theoretical results. Monte Carlo simulation of ni-nority-electron transport
denonstrates that electron-hoJe scattering and hole-plasnon scatteri-ng ptay
an essenti-al role in heavily d.oped p-GaAs. Theoretieal calculations on
heterojunction bipolar transistors (Hntts; show that these heavy doping
effects are substantial and must be considered. when analyzi-ng or desi-gning
HBT I s with heavily dolled base layers.

1. Introd.uction
AlGaAs/Cal.s heterojunction bipotar

transistors (Hnttsl have recently
d.emonstrated. high speed. capabilities and

appear promisi-ng for high frequency and,

logic applications. For an IIBT, the
operating speed can be greatly improved. by

reduci-ng the electron transit time through

the devi-cer &s well as the base-resistance
collector-capaci-tance product. In
conventional molecular beam epitaxy (MBE),

berylliun (Be) is connonly used as a p-type

dopant. A maxinum doping level of 2x1O2O

-?cm' has been achieved by growth at a 1ow

substrate tenper"trr"".1 ) Horrrever, .a further
increase of the hole concentration is
d.ifficult in Be-doped GaAs, because of
thermal diffusion and

i-ncorporation of Be.

Recentlyr w€ have obtained heavily
carbon (C) doped GaAs with a carrier
concentration up to 1.5x1o21 

"^-3 by

metalorganic molecular bean epitaxy
/) l\

(MOMBE) .'-4) At these high doping levels
bandgap narrowing, hole plasnon scattering

D-4-1

and Auger reconbination will- strongly affect
the perfornance of HBTrs. In this paper we

present experinental results and theoretical
calculations of these heavy doping effects
and their consequences on the perfornance of
HBT I s.

2. Optical properties and bandgap narrowing
The photoluninescence (PL) of Be and.

C-doped GaAs were neasured at /r.2K. The

effective bandgap narrowJ-ng was estinated
in the saneusing these luninescence spectra

way as reported in Ref. 7, and

are plotted. in Fig. 1. In this figure, the
effective band.gap narrowing of Zn-d.oped5-8)

GaAs are also plotted. Note that the
neasured bandgap narrowing of Zn, Be and C-

doped GaAs all appear to be eonsistent with
one another.

Next we calculated the effective
band.gap narrowing as a function of inpurity
concentrati_on. The calculations are
based on the denslty of states functions
resulti-ng from the work of Karr"9 ) 

"rrdan\
Morgan. ''/ The screening length is a

the results

interstitial
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critj-cal paraneter in this theory and we

adopted the sane screening length function
as that used in Ref. 11. The sotid lines in
Fig. 1 are the theoretically calculated hole
concentration depend.ence of the effective
bandgap narrowing. The calculated values for
the bandgap narrowing show good agreenent
with the values derived fron the pL

measurenents.

3. Minority carrier transport
The transport of ninority electrons has

been investigated using Monte-Carlo nethod.s.

In addition to the stand.ard. scattering
mechanisns, electron-hole scatteringrl?)
hole-plasnon scatteringl3) 

"nd screened LO

phonon scatteri-ng13) ""r" taken into account
in the heavily doped p-GaAs. The electron
scattering rate as a function of the
electron energy are plotted in Figs. Z(a)
ancl 2(b) for doping levels of 1020 "^-3 and

rc21 "^-3, respectively. At these high
d.oping levels, the L0 phonon scatteri_ng does

not contribute to the electron energy
relaxatj-on because L0 phonons are strongly
screened, by hole plasnons. Instead. the
electron-hole scatteri_ng and the hole-

l Ors lore '1o20

Hote Concentratlon (crn-31

Fig.1 Effecti-ve bandgap narrowing as a
function of hole concentration estinated.
fron PL neasurenent. The solid lines are the
theoretically calculated hole concentrati_on
d.epend.ence of the effective bandgai>
narrowi-ng.

plasmon scattering play an essential role at
hole concentrations larger than 1x1019 

"^-3.The drift velocities of electrons
injeeted into heavily doped p-GaAs as a

functi-on of the applied electric fields are
plotted in Fig. 3. At low fields the
electron-hole scattering has the sane

angular distributi_on as inpurity scattering,
and has the sane effect on the electron
mobility as doubling the d.oping level.
Consequently, the ninority-electron
mobilities are smaller than those of
majority electrons. The minority-electron
mobilities estj-nated fron Fig. 3 are in good

agreenent with the , values previously

o.4 0.6
Energy (eV)

'2 oil",n, 
,.liu 

o'8 1'o

Fig.2 Scattering rates of an electron in the
central valley of GaAE wlth a earriqf
conqentration of (a) 10"'cn-2 and (b) 1O4l
cm -. ion: ionized inpurity scattering, e-h:
electron-hole scattering, AC: acoustic
phonon scattering, 0P: optical phonon
scattering, G-L: I-L intervalley scattering,
G-X: I-X intervalley scattering, PL: hole-
1>lasmon scatteri-ng, /E z emi-ssion, / tz
absorption.
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calculat ea1 
/r'15) for hole concentrati-on

between 1017 and 1019 
"^-3. At a hore

concentration of 1x1021 
"^-3, the minority-

electron mobility is determined to be 300

"^2 
/vr.

As the electric fiel_d is increased_,

the rate at which electrons lose energy
through hole-plasnon scattering increases.
At hole concentrations between 1019 and 1020

-?cn -, this leads to the retention of
electrons in the central valley. As a

result, negati-ve differential resistance
does not appear at electric fields up to 10

kV/cn. 0n the other hand, at hole
concentration of 1*1021 

"^-3, the plasnon

energJr becones larger than the f-L valley
separation of O.33 ettr. Consequently, even at
low electric fields nost electrons transfer
to the upper valleys before they lose energy
through hole-plasmon scatteri_ng.

l+. Static characteristics of HBTts

The static characteristics, including
bandgap narrowing and Auger reconbination,
of HBTts with a base doping tevel of 1021

.^-3 were ca1culated,. Bandgap narrowing was

taken into account using the following
z\

expressionS ''
(1)

(sm)

-o 
' ,'""lic Fierd ..6v2",n1 

8 10

Fig.3 Drift velocity of minority-electrons
as a function of the el-ectric field in p-
type GaAs.

reconbination, Auger reconbination was also
taken into account by the following:

Ro= (Arrn+App ) 1p"-"f" ) (2)
SRH life time was assuned. to be 1 ns and
paraneters A- and A^ were taken to be

-?1 A" y
1x10 - ' cm' f s. Thls leads to a ninority_
electron lifetime of 9.9 ps ir p** GaAs with
a hole concentration of 1021 

"r-3. The

minority-electron mobility was estfunated to
tbe 300 cm-/Vs fron Monte Carlo siurulati_on,

which gives a ninority-electron diffusion
lensth L =880 i,.n

The HBT structure parameters used, in
the simulation are shown in Table I. The

base layer is heavily doped. with C up to
t1 2

1x10-' cm-t. Fig. 4 shows the comnon-enitter
current gain versus collector current
d.ensity with the base width We as a

paraneter. The bandgap narrowing in the base
increases the current gain by a factor of 10

for this doping level over what it would.

have been with no bandgap narrowing.

Table I Simulated HBT structure.

Layer ThicSness Type Dopi4g
(cm-')

AlAs
Fracti-on

AE*=-2 ' 2x1 0-8 (tO ) 
t /'

In addition to Shockley-Read-Ilall
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Fig./n Conmon-enitter current gain versus
collector current density with the base
width Wo as a parameter.
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Ilowever, Auger reconbination lncreases the
base current substantially, which deereases

the current gain. Fron Fig. 4 iI can be

seen that, in ord.er to obtaln a current gain

of 10 it is necessary to red.uce the base

wid.th to less than 300 i,.

5. Conclusions

Bandgaps of heavj-ly doped p-type GaAs

were deternined by PL neasurenent. Measured.

bandgap narrowi-ng values agree well with the

theoretical results. Moreover the transport
of ninority electrons was investigated usi-ng

Monte Carlo nethod.s. Electron-ho1e

scattering and, hole-plasnon scatteri-ng were

shown to play an essential role in heavily
doped p-GaAs. Based. on these results, static
characteristics of IIBTTS with base doping

Ieve1 of 1021 .r-3 were calculated.. In
order to obtain a curient gain of 10 it was

found necessary to reduce the base width to
less than 3OO i,.
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