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Improved Emitter Transit Time Using AlGaAs—-GalnP
Composite Emitter in GalnP/GaAs Heterojunction
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Abstract—A new emitter structure based on composite graded such as tunneling emitter [10], strained InGaAs base [11],
AlGaAs—GalnP approach is described, which allows significant and collector undercut [12]. A common limitation in high
reduction of Cgg and improved high-frequency performance. A gneaq performance of HBTs has been their relatively large
theoretical study of the composite and conventional emitter HBTs . . . L
is performed to prove the superiority of composite emitter HBTs basg-emlttgr capacitand@p), which results from I|rn|te.d
using Monte Carlo simulation of their transport properties. The ~Mobile carrier transport and thus charges accumulation in the
self-aligned HBTSs fabricated in this study are grown by CBE with emitter region [13]. The use of lightly doped emitter with
TBA/TBP precursors. The current gain cutoff frequency (fr) §-doping was reported to reducgsg at low current density
was 62 GHz for the composite emitter design HBT, and 45 GHz [14], but this does not resolve the problem at high current

for conventional emitter design HBT. The Cgx achieved with the d it hereie i id blv i d A ted
composite emitter designs was by at least 3 times lower than that ensity wherepg IS considerably Increased. As expected, a

of conventional designs and does not show significant variation tradeoff exists in the relation betweétsr and Cpg for high
with collector current. This leads to enhancedfr characteristics speed performance sind@gg is decreased as the collector
by 15% for composite emitter HBT designs and confirms the current(Ic) increases, while at same tin@&sg, is increased.
theoretical expectations. This tradeoff imposes a difficulty in reducing the emitter transit
Index Terms—GaAs, heterojunction bipolar transistors (HBTs), time (7x) and thus enhancing the device microwave perfor-
Monte Carlo simulation, transit time. mance. The emitter transit time of an HBT can be estimated
analytically using the following expression:

I. INTRODUCTION

kT ET [ AQ.
OR long-haul optical communication systems, ultra-broad- & ~ qTC(CBE + Cge) = e <
band, high bit rate front-end transimpedance amplifiers

are needed. 40 Gb/s-class ICs using AlGaAs HBTs hawhere

already been demonstrated [1], [2]. GalnP/GaAs heterojunctionms emitter transit time of the device;

bipolar transistors (HBTs) grown by MOCVD have been first £1°/q.Jc transconductance;

demonstrated by the authors [3], and this technology is cur-Csr ~ base-emitter capacitance;

rently accepted as a superb alternative to AlGaAs/GaAs HBTsCrc  base-collector capacitance;

due to the absence of Al, the excellent etching selectivity, andQe electron charge in the emitter region.

better reliability characteristics [4], [5]. Monolithic broadbandsince usually the base-emitter capacitafiCer ) is much larger
GalnP/GaAs HBT transimpedance amplifiers having a banitan the base-collector capacitari¢gsc), the first term of (1)
width (BW) of 19 GHz have been demonstrated by the authdessimplified to RprCpg. Mobile carrier transport takes place
and their large signal, as well as, a high gain performance hareonventional emitter HBT designs by diffusion and results in
been reported [6], [7]. Excellent microwave performance @harge accumulation in the emitter and thus incre@segel In

fr = 140~GHz andf,..x = 230 GHz has been achieved usinghis work, a composite AlGaAs/GalnP emitter design was em-
GalnP/GaAs HBTs [8], and chemical beam epitaxy (CBHloyed to reduce the impact of this effect following the approach
using TBA/TBP precursors has been reported for growth efiginally reported by [15]. While the improved HBT perfor-
GalnP/GaAs devices [9]. High-speed microwave performang&nce presented in [15] was only shown theoretically, first ex-
of GalnP/GaAs HBTs can be achieved using various desigp@rimental results on HBTs designed with this approach were

, _ _ _demonstrated by the authors [16] and further theoretical and ex-
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without any transconductance degradation, due to the high elec- graded AlGaAs ’n-Galgf‘GaAs
tronvelocityinthe electronlauncherregion. Asaresult,an overall n-GaAs T/ 2-GaAs C
performance improvement compared to conventional emitter de- 05

sign is achieved. This paper provides an analysis of the emitter 0 .

VCE=3V

and total delay times in HBTs and demonstrates the advantages vl gy

of using electron launcher region in the emitter for reduction of
these delay times. Theoretical and experimental verifications of
theimproveddelaytimesare shownusing Monte Carlo simulation
and through device characterization and small-signal modeling.
Furthermore, itis shown thatthe reported composite emitter HBT
design using the AlIGaAs/GalnP approach achieves reduggd
andimproved high-frequency performance over abroad collector S T

current range. Distance [um}
(a)

n-GalnP p-GaAs

Potential[eV]

Il. MONTE CARLO STUDY OF THE COMPOSITEEMITTER
DESIGN

-GaA!
Graded AlGaAs—GalnP composite emitter design HBTs were e

studied using Monte Carlo simulations. This allowed evaluation
of transistor band structure, electric field, velocity profile and
carrier distribution. The latter provided information on charge
changes with current, which are indicative of emitter transit time
T as will be discussed in this section. As discussed earlier, the
graded AlGaAs layer introduced in the composite emitter de-
sign is important for reducing the emitter charging tifne).

This layer forms an electron launcher at the interface with the
GalnP layer as shown in Fig. 1(a). The launcher injects electrons
into the_ GalnP region with elevated kinetic energy. This en- Distance [um]
sures high-energy electron transport through the GalnP emitter ®)

and results in overshoot velocity before carriers start being in-

jected into the base, leading to a lower free carrier concentegy. 1. Energy band diagrams of GalnP/GaAs (a) conventional and (b)
tion in the emitter and thus lowet;. The role of GalnP emitter composite emitter design HBTS.

layer in the composite emitter structure is to block the holes

from back-injecting into the emitter and separate the launchghitter HBTs do not have a built-in electric field within the
fromthe base, giving areduced emitter-base capacit@se).  emitter region, and the electron density in this case is increased
Fig. 1 shows the energy-band diagrams and layer structureggfe to slow transport of carriers and thus carrier accumulation.
GalnP/GaAs composite (a) and conventional (b) emitter desigRe enhancement of the drift velocity using the composition-
HBTSs studied in this work. In case of the GalnP/GaAs convegtly graded AlGaAs design can be better understood from the
tional emitter design HBT, a 800 A thick GalnP emitter layefesults of Fig. 3. This figure focuses on the velocity character-
is added to allow comparison with AlGaAs—GalnP composifgtics responsible for the improved frequency characteristics re-
emitter design HBTs of same overall emitter thickness. Sinﬁ%rted in the paper. In case of the composite emitter design, the
the energy separation between thband and’. band in GalnP  glectron velocity is high due to the drift velocity component in
is small(AEr. = 0.153 eV), the Al composition(z) at the  the special emitter region. On the contrary, the electron velocity
AlGaAs-GalnP interface must be chosen properly to avoid iBf the conventional emitter design is slower than for the com-
tervalley scattering. posite emitter design since diffusion carrier transport is domi-

In this study, an Al compositiofiz) of 0.22 was chosen to nant in the emitter region, which consists only of GalnP. One
prevent the intervalley scattering. This composition yields afges from these simulations tiG;; for the composite emitter
electron launcher with a height of 0.125eV. Fig. 2 shows (@ksign HBT is expected to be smaller than for the conventional
the electric field and (b) electron density versus distance pi@mitter HBT due to the stronger electric field in the composite
files for GalnP/GaAs conventional and AlGaAs—GalnP congmitter region. This leads to reduced(AQ./AJc), which

posite emitter design HBTs. Compositionally graded AlGaAg an important parameter in determining the cutoff frequency
emitter HBTs have much stronger electric fields present in the. — 1 /7, whereryc is given by

emitter. A maximum value of 40kV/cm is for example observed

within the AlGaAs region of the composite design, while no TRe ~ T+ 78 + 7¢ + CrcRc 2
electric field is present in the emitter of the conventional design.

The corresponding electron density is therefore dramatically derd 7, can be evaluated fromg ~ AQ./AJc = CprRpEk.
creased due to the presence of a drift velocity component in tiis estimate of for the two designs using Monte Carlo simula-
region of the emitter. On the other hand, GalnP conventiortén to evaluateA @, /AJ showed values of 0.13ps and 0.57ps

' n-GaAs C

Potential[eV]
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Fig. 2. (a) Comparison of electric field and (b) electron density profiles for ®

GalnP conventional and A1GaAs-GaJnP composite emitter design HBTs.

Fig. 4. Bias dependence of free electron carrier density (a) for the composite
AlGaAs] GalnP | Composite design and (b) the conventional emitter design HBTSs.
1 GalnP E Conventional design

N

AlGaAs-GalnP
Composite Emitter

0.3

V=3V
06 VgE=l.43V

Electron velocity [xlO7 cm/sec]

04
[ GNP
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BEM 1BEY  WL.288 - 1Bvs HD1%
0.0
025 03 035 04 045 05 055 Fig. 5. SEM picture of the fabricated2 30 um? single emitter GalnP/GaAs
Distance [um] HBT.

Fig. 3. Comparison of electron velocity profiles for GalnP conventional and . . . . .
AlGaAs-GaJnP emitter design HBTs in the composite emitter region. centration(AQ.) at the base-emitter junction of the composite

emitter design due tdzg increase is small, whereas the),
for the composite and conventional design, respectively, provi rease in the conyent|onal _de5|gn [see the_mset 9f Fig. 4(b)]
Is significant. The difference in thAQ, values is again due to

the superiority of the former. fast lectric field and thus hiaher elect
The theoretically expected carrier density values for desigme presence of a stronger eectric field and thus higher electron
elocity in the vicinity of the base-emitter junction of the com-

employing the same concept can be found in Fig. 4. The thick="" . ) . .
ness and doping concentration (800 A versus 2000 Azand posite emitter design compared to the conventional design.
106 versus 3x 10" cm—3 for composite and conventional
emitters, respectively) of the emitter layer employed in this sim-
ulation correspond to those of the fabricated HBTs. As shownThe GalnP/GaAs HBT layers were grown by CBE using
in the inset of Fig. 4(a), the increase in the free electron coreduced toxicity precursors such as TBA and TBP. The details

lll. L AYER STRUCTURE AND DEVICE FABRICATION
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Fig. 7. Measured and simulated microwave performance of composite emitter
()] (a) and conventional emitter (b) design HBTSs.

Fig. 6. (a) DC characteristics of composite emitter and (b) conventional
emitter design HBTSs. . .
process features are as follows: Ti/Pt/Au nonalloyed emitter

) ) o and collector ohmic contacts, Pt/Ti/Pt/Au nonalloyed base
of the growth technique and material characteristics WegBnacts, and GalnP emitter etch by HCI and pillar/airbridge

despribed bY the authors [9)], [,177]' The compositglsmittig HBLbrication using Ti/Al/Ti/Au. GaAs collector undercut as
de&gﬁr: consists of a compositionally gradedSL0"" cm™, o assary for reducingsce was achieved by a wet etching so-
380 A thick AlGaAs @l : 0 — 0.22) layer followed by | ion consisting ofNH,OH : HyO5 : HoO. A cross-sectional

undoped 100 A thick GalnP, which serves in reducing thg,,, of a completed HBT with laterally etched undercut can be
spike created in the conduction band of the AlGaAs-Galng ndin a previous report by the authors [17].

heterointerface. A 400 A thicle (5 x 10'¢ cm=2) GalnP
emitter layer is used below the undoped GalnP and a 500 A

GaAs base dopegt (6 x 10 cm~3) and a 7000 A GaAs IV. EXPERIMENTAL RESULTS AND ANALYSIS

collectorn= (1.5 x 10 cm—32). To better evaluate the advan- _

tages of the composite emitter design and validate the propoéedDC and Microwave Performance

approach. an abrupt junction GalnP/GaAs conventional HBT The dc characteristics of 2 30 xm? single emitter finger
was also fabricated for comparison. The emitter design of thiBTs with the composite and conventional emitter designs
conventional HBT consists, starting from the emitter cap, of amere measured using an HP4145B semiconductor parameter
nt(1 x 10" cm~2) GalnP, 700 A thick layer followed by 2000 analyzer. Fig. 6 shows the-V characteristics of the fabricated

A thick GalnP emitter doped n (8 10'” cm3), 2600 A GaAs 2 x 30 pm? single emitter finger GalnP/GaAs HBTs for the
base doped (4 x 10'? cm™2), and a 7000 A GaAs collector composite and conventional emitter devices. A dc gain of 30
n~ (1.5 x 10'® cm—3. The emitter doping and thickness £3 and 28, base ideality factors of 1.74, 1.82 and collector ideality
10t cm~3) 2000A) of the conventional HBT were optimizedfactors of 1.15, 1.18 and a collector-emitter breakdown voltage
for sufficient DC gain and high frequency performance. A&f above 17 V, are obtained for the composite emitter and
common design feature of the two HBT structures is a Galr@@nventional emitter device, respectively.

etch stop layer between the GaAs collector and subcollectorThe microwave properties of HBTs were measured in
This can be used to form a laterally etched undercut and leadsnmon-emitter configuration using on wafer tests and an
to reduction of the’g¢ capacitance and thus cutoff frequencyHP8510B network analyzer. The current and power gain versus
as well as maximum oscillation frequency enhancement [1Tjequency characteristics of the composite emitter HBT are
Self-aligned HBTs with single 2 30 zm? emitter fingers were shown in Fig. 7. The current gain cutoff frequer{git) extrap-
fabricated on the above layers and a photograph of a devalated from the measuréd{,; | using a—6 dB/Oct. slope rule
before airbridge metal realization is shown in Fig. 5. The keyas 62 GHz for the composite emitter design HBT, and 45 GHz
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Fig. 8. Bias dependence of microwave performance of (a) composite emitter

and (b) conventional emitter design HBTSs. Fig. 9. Comparison of delay time of composite emitter and conventional
emitter design HBTSs.

for conventional emitter design HBT. The maximum oscillatiogolﬁ
frequency( fuax) from Mason'’s unilateral gaifl/) was 72 GHz
atVeg = 2.0V, I = 18 mA for the composite emitter design
and 55 GHz at’cg = 2.0V, I = 18 mA for the conventional B, Device Analysis and Discussion

emitter design. Comparison of the microwave performance of ) ) o

the composite emitter and the conventional emitter design showd "€ HBT small-signal equivalent circuit parameters were
that the fr of the composite emitter design is by 38% highefiréctly extracted from measuresl parameter data using an
fr and fua. were also evaluated from the small-signal HB-,-n-house anal_yt|cal extraction technique based on a technique
equivalent circuit parameters, and the results are also shdfiit Wwas previously reported [18]. The total delay titrgc)

in Fig. 7. Thefr, fuax values found using this approach wer@nd forward transit timgrr = 75 + 7¢) were calculated
63GHz and 120GHz for the composite emitter design and #8alytically from the impedance block elements of the HBT
and 60GHz for the conventional emitter design, respectiveﬁﬂ“'vale”t circuit. The relations below summarize the approach
Although the f..... of the composite HBT obtained from thistSed [13], [18]

technique is higher than the one obtained by extrapolation [Z12 — Zn|

versuse = 3 x 10'7). It will be analyzed and discussed in
more detail in the next section.

(120GHz versus 72GHz), the overall trends are the same and ~ 7ec =Tk + 7B+ 7¢ +7¢ = e T )
demonstrate the superiority of composite emitter HBTSs. RefaZsc] > 2

Fig. 8 shows bias dependence faf and f,,,. as a function TF =7p + 7¢ = tan ! —eBC] (4)
of collector current for the two design HBTs. In case of the Im[aZpc]
composite emitter design, the pegk and f,,.. are 63 GHz \here
atVep =2V, Ic =21.5mAand 84 GHz &cg =3V, Ic =
20 mA, respectively. The enhancégd characteristics at high 5 ~RpE(ChE + Chc) (5)
collector current region obtained for composite emitter HBT 74, =Cpe(Rg + Re) (6)

[Fig. 8(a)] are due to its overall smalléfz i value. The higher

fr of the composite emitter HBTs at loy; appears to be re- andZ;; is an impedance matri¥g¢ is the impedance value of
lated to their smalle€gg, which results from the lower emitter Cpc, « is the base transport factor, andis the forward transit
doping concentration in the composite emitter HBIT-£ 5 x  time.
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Fig. 11. Cgr and Rgr dependence ol for the composite and the
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60 b
50 whereRg, Zpg, andZg, are also derived experimentally using
= 4 " the procedure developed by the authors and reported in [18].
N d . . .
= g As expected(Cgg for the composite emitter HBT is reduced
&£ 30 3 by 55-77% compared with the conventional emitter HBT since
20 the electron carrier density is dramatically decreased due to the
high drift velocity in this region of the emitter. On the other
10 50 hand,Rgg, is a function of collector curreritl) and has sim-
0 . 0 ilar values for both designs over the entire range of investigated
5 10 15 20 25
Ie[mA] collector currents.
€

(b)
V. CONCLUSIONS

Self-aligned composite emitter AIGaAs—GalnP/GaAs HBTs
were designed, fabricated, and analyzed. The composite emitter
The calculatedrgc, 7+ as function of frequency from the design HBTs showed superior characteristics in terms of re-
extracted small signal parameters are shown in Fig. 9. In cakeced emitter-base capacitari€gr) and enhancedy perfor-
of the composite emitter design,7@c of 2.33 ps and ar mance. These results agree with simulated characteristics ob-
of 1.8 ps were achieved, which leads to an emitter delay tirtined by Monte Carlo. Experimental studies showed phat
(T8 = Tec — 77 — 7¢) of only 0.22 pr{; = Cpc(Rg + Rc) improved from 44 GHz to 62 GHz by using of the composite
was in this case 0.31 ps. On the other hand, the total delay tiemitter design. Alsof’sx of the composite emitter design HBT
(trc) of the conventional emitter design was 3 ps while its fowas found to be at least three times lower than that of the con-
ward transit time(7¢) was 1.8 p. The resulting emitter delayventional emitter design HBT under high(.Jc) bias operation
time (7) for the conventional emitter design was consequentiypnditions.
0.62 ps. These results indicate that the emitter delay time of the
composite emitter design leads to enhancement of cutoff fre- ACKNOWLEDGMENT
guency which in the case of the tested devices is of the order o
15%. TheCgg andfr dependence asi- manifests distinct fea-
tures for composite and conventional emitter designs as sh
in Fig. 10 for a 2x 30 pm? single emitter device. Th€gg

Fig. 10. Comparison of s andfr characteristics with collector current.
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