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solid-source molecular-beam epitaxy with a valved phosphorus cracker
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The growth and device characterization of an InGaP/GaAs double-heterojunction bipolar transistor
is reported, the device is grown in a solid source molecular beam epitaxy system equipped with a
valved phosphorus cracker. Various designs of base—colld8te€] junction are used to eliminate

the current blocking effect caused by the conduction band discontinuity. The results show that a
chirped superlattice with a delta-doping layer at BxeC junction has the best dc characteristics.
Both dc and microwave results of these devices are comparable to those obtained with other
advanced growth techniques. €96 American Vacuum Society.

I. INTRODUCTION structure, am-type delta doping layeiinm) is inserted under
the CSL. Thisn™ layer and thep* base generate an opposite
Solid-source molecular-beam epitaiyBE) using valved  glectric field, which compensates the quasielectric field at the
crackers has been demonstrated to be a viable technique f}?fnction. We found that the doping dipole does decrease the
the growth of device-quality phosphorus-containing cyrrent blocking effect while decreasing the breakdown volt-
compounds™* The growth of high-performance InGaP/ age somewhat. The application of the CSL and doping dipole
GaAs and InGaAs/InP single-heterojunction bipolar transisin |nGaP/GaAs DHBT was recently demonstrated by Liu
tor (SHBT)>~" as well as optical devicBdy a valved phos- et al. with gas-source MBE. Cowles et al. also demon-
phorus cracker have been reported. In this article, we presegfrated an InAlAs/InGaAs DHBT with linearly grad®+C

the growth and device performance of InGaP/GaAs/InGalj’unction and a pulse doping layer by solid-source MEBE.
double-heterojunction bipolar transistdi3HBTs) grown by

a valved phosphorus cracker.
InGaP/GaAs/InGaP DHBTs have been investigated for”' EXPERIMENTAL DETAILS
high power and high speed applications, such as high effi- The growth was performed in a modified Varian GEN-II
ciency microwave amplifiers. Using InGaP as the collectorchemical-beam epitaxyCBE) system, which has been de-
material is essential to achieve such goals because it hassgribed elsewher2A valved cracker was used as the phos-
high breakdown voltage. However, the conduction band disphorus source, while standard effusion cells were used for
continuity at the base—collectoBEC) junction, though As, Be, and group-lll metals. A Si filament was used as the
smaller than that in the AIGaAs/GaAs system, can still havel-type doping source. Anolecules were thermally cracked
a significant electron-blocking effect and results in ppew  into P, at 900 °C before being injected into the growth cham-
characteristics at low/.,. Various junction designs have ber. The typical phosphorus beam equivalent pressure was
been used to reduce this effect. The first design investigatel—2x 10 ° Torr. Reflection high-energy electron diffraction
in this work is to insert a Sma“_band_gap spacer |ayer and éRHEED) oscillations were used to calibrate gI’OWth rates,
heavilyn-type wide-band-gap layer between the base and theompositions, and surface V/II ratio. The typical growth
collector to reduce the effective conduction barrier. The sectemperature for InGaP was around 520 °C. The full-width at
ond design is to use a composition-graded junction betweefalf-maximum (FWHM) of the x-ray rocking curve of a
the narrow_band_gap base and the Wide_band_gap Co||ecto1:_',um'thick InGaP film is 24 arcsec. The phOtOluminescence
This method has been commonly used in AlGaAs/GaAdinewidth of an undoped InGaP layer is 12 meV at 10 K.
HBTs. However, it is very difficult to achieve a true compo- Transmission electron diffraction pattern of InGaP layers in-
sitional grading between InGaP and GaAs because they ddcates that this material has a short-range ordered strutture,
not share the same anion. Therefore, a chirped superlatti®®hich has a normal bandgap as opposed to the smaller band
(CSL) structure has to be used to simulate a compositiona¥ap of long-range ordered InGaP. This is consistent with the
grading layer. Finally, since a quasielectric field exists withinPL measurements which show normal band-gap energy.
the grading region due to the conduction band discontinuity, Figure 1 shows the general device structure for this study.
further improvements are made in the third design. In thisThis DHBT was grown on a GaA$00) substrate. The thick-
ness of the GaAs base was 65 nm. A 5-nm-thick undoped

aCurrent address: Central Research Lab, Texas Instruments, Dallas, T9@AS |ay€‘_r was grown to_prevent Be from diffusing into t_he
75265. InGaP emitter. The only difference between the three devices
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(A). GaAs spacer + n* InGaP

InxGagxAS x=0-03 150 A n+ 5E18 “GaAs n- 200A 3E16
GaAs 1000 A_n+ SE18 _InGaP n+ 100 A 2E18
InGaP 200A n+ S5E18

E _InGaP 500 A n_ 5E17
GaAs Undoped 50 A (B). Linear grade

B GaAs  Bedoped 650A p+ SE19

CSL InGaP/GaAs 500 A 3E16

c mGaP 5000A n- 3E16
Gahs S000A n+ SE18 (C). Linear grade + -doping
Semi-il ing GaAs

CSL InGaP/GaAs 500 A 3E16

InGaP n+ 10 A 4E18

Fic. 1. Structures of devices A, B, and C.

is at theB—C junction. Device A utilizes a spacer layer as
described in the previous section. Device B has a CSL layer
between the base and the collector. Within the CSL, the
thicknesses of the GaAs and InGaP in monolaykfiss) are
1,1,2,2,..,9,9 and 9,9,8,8,...,1,1, respectively. A 1 s interrup-
tion was included between each layer. The total thickness of
the CSL is 51 nm. Device C has the same CSL layer and a 1
nm heavily doped-type layer underneath.

Transmission electron microscopyEM) micrographs of
device C a{010) direction were taken. Figurg® shows the
dark-field TEM image over a large area of the device. Each
layer, including the CSL, can be seen clearly. Figufb) 2
shows the lattice image of the CSL layer. InGaP and GaAs
appear in differenf[002] vs [022]) lattice fringes. These are
due to the large difference in the amplitude [602] and
[022] type diffracted waves between the ternary and binary
crystals for a given specimen thickness. The selective-area
[001]-zone axis diffraction pattern of the CSL layer is shown
in Fig. 2(c), where extra spots alor@00] direction is ob-
served. This is due to the well-controlled 10 ML periodicity
within the CSL layer.

The InGaP DHBTs were processed using a self-aligned
process. Selective etchant HCJPD, was used for removing
InGaP over the GaAs while #0,:H,0,:H,0O was used to
etch GaAs over InGaP. Furthermore, the chirped superlattice
region between the base and collector was etched nonselec-
tively with saturated bromine water solution. Pd/Ge/Ti/Au
and Pt/Ti/Pt/Au were used for emittécollectoy and base
ohmic contacts, resulting in contact resistivity of around
8x107 (6x1077) and 3x10°° Q cn?, respectively. After
the deposition of the ohmic contacts, Si®as deposited by
plasma-enhanced chemical vapor deposition. Then via holes
were opened by reactive-ion etching. Finally, Ti/Al/Ti/Au
was used for interconnect metal for dc and microwave prob-
ing. Specially designed masks were used for optimized mi-
crowave performance. Figure 3 shows the scanning electron
micrograph of a transistor with emitter and base aligned in
the (012) direction. This orientation reduces the etching un-

dercut, so smalleB—C capacitance can be achieved. TheFe. 2. (a) Dark-field TEM image of device Qb) The lattice image of the
separation between the emitter mesa and the base metalGSL layer. InGaP and GaAs appear in differéf102] vs [022)) lattice
less than 0 15m fringes. (c) Selective-ared001]-zone axis diffraction pattern of the CSL

layer, where extra spots along tf#00] direction due to the well-controlled
One of the advantages of InGaP/GaAs HBTs o0Verjg ML periodicity within the CSL layer is observed.
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Fic. 3. Scanning electron microscof$EM) pictures of a 32um? device.

The base and emitter are aligned alddd0 and(001) planes. Fic. 5. Gummel plot of a large-ared0x 40 um?) device C.

in InP/InGaAs HBT structures, and similar effects are

AlGaAs/GaAs HBTs is that good selective etchants bet\NeeﬁCh'eved'

InGaP and GaAs are available. However, the intermixing ofj|. RESULTS AND DISCUSSIONS
phosphide and arsenide at the InGaP/GaAs interface may
still cause problems during the wet etching process. If th?/vit

GaAs surface is exposed to a phosphorus beam first at t € turation voltageV.,), or knee voltage(>10 V) and a

cct))llector/subcolle.c;tor ort im'tte;{ﬁ.asg lnttte_rga(t:e(,j ;Nethwci‘ul small Early voltage with breakdown voltag¥s.~20 V and
° stfarve]:’:\ né)nl;nll_li)rm te (f: mga |ts '.? a ';' tg el hq h?) ogvcb0~30 V. The carrier blocking effect at t®—C junction
g':?elr?;tr? guraegg;eﬁr:]ei:sa(s:iovl\jethgtl fh:g‘ ?nl[\e/:?n):ixilr?g p?:b-is clearly observed. The saturation voltage of device B is
lem can be eliminated if 1 ML of group-Ill metal is deposited greatly reduced te=0.8 V. The dc current gain is about 50

and the breakdown voltages avg,;~26 V andV,,~32 V.

before the phosphorus shutter is opened while growing phOSI=he improvement of the breakdown voltages comes from the
phides on arsenides. The same growth sequence is also U%?Qe of an undoped collector layer without any heavily doped

region. The CSL layer effectively reduces the electron barrier
at theB—C junction. Negative differential resistance is also
observed in thd -V curves due to the electron tunneling

Figure 4 shows the dc characteristics of all three devices
h emitter area of 4840 um? Device A shows a large

20 Device & pans through the mini subbands of the CSL layer. This has been
o _repor_tedllln InP/InGaAs HBT with a CSL layer at tBe-C
z 10 — junction:
E — ] Device C shows the best turn-on characteristics. Fré
- % e characteristics look similar to those of a SHBT with better
BVooom20V, BVeba—3ov breakdown voltages. The saturation voltage drops to 0.4 V
‘ : while the offset voltage is less than 0.2 V. The output con-
Device B ductance of the transistor is very small, resulting in a large
20T Lo Early voltage. The maximum dc curre_nt gain |s_also in-
: o creased to 60 due to less electron blocking atBreC junc-
s 10 (— — tion. The ideality factors for collector and base current are
= : F 1.00 and 1.50, respectivelfig. 5. The only drawback of
il 3 this design is that the breakdown voltages decrease to
BVceo~26V, BVcbo=32V ] V=20 V andV,;~28 V because of the delta-doping layer
e e near theB—C junction. It is possible to fine-tune the device
Device C to achieve required performance by changing the delta-
20 Vearodv, prso |1~ doping conc_entratlon_. _ , _
e — — Smaller-sized device mitter area32 um*) was fabri-
z 10f cated for microwave measurements. On-weguarameter
E : — measurements were performed from 0.5 to 26.5 GHz. From
o | the measureds parameters, the short circuit current gain
g AP S (Ih2» and power gainl¢) were calculated at different fre-
G e quency and bias conditions. Then 20 dB/decade extrapola-
Ve WV tion is used to estimate the current gain cutoff frequerfgy (
and maximum oscillation frequendy,,,,). The highest .«
Fic. 4. dc characteristics of devices A, B, and C. and f, are around 72 and 32 GHz, respectively. The bias
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8 80 lattice and delta doping were used for optimized dc and mi-
Vee=25V A/A/A\A\kmax crowave performanceV, as low as 0.4 V and high
9 fmax e breakdown voltages were achieved, along witk32 GHz
5 8 A andf ;=72 GHz.
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