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A hybrid epitaxy method for InAs on GaP
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The interface formation mechanism during the molecular-beam ep{tdBE) of InAs/GaP has

been studied with the aid of the In—-Ga—P phase diagram. It is discovered that an initial dissolution
and crystallization process similar to liquid phase epitédXyE) may happen at sufficiently high
temperature, resulting in a graded composition at the interface. Consequently, “parasitic LPE/MBE”
is the name for this hybrid form of MBE. High-resolution TEM images confirm the existence of the
interfacial layer in the sample grown at high temperature. The graded interface smears out the band
offset and leads to a nonrectifying heterojunction. Low-temperdtirg MBE growth can turn off

the LPE component, enabling the growth of an abrupt interface. Based on this “LPE/MBE” model,
a LT MBE technique is developed to grow an abrupt InAs/InGaP interface for heterojunction power
Schottky rectifiers. The LT InAs/InGaP heterojunction demonstrates nearly ideal Schottky rectifier
characteristics, while the sample grown at high temperature shows resistive ohmic characteristics.
The LT InAs/InGaP Schottky diode also demonstrates good stability with respect to anneal
temperature, similar to the InAs/GaP heterojunctions2@4 American Institute of Physics
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Conventional high-power Schottky rectifiers are madeing voltage. Therefore, we studied the growth of InAs on
from metal-semiconductqMS) diodes® A critical concern  InGaP lattice-matched to GaAs. Normal MBE of InAs on
for high-power rectifiers is the thermal stability, becauselnGaP resulted in heterojunctions that were leaky. To address
most power devices are inevitably subjected to high+the issue of why the direct growth of InAs on InGaP resulted
temperature processing or joule heating during operationn leaky diodes, we studied the interface formation mecha-
The MS interface degrades severely at high temperature dugsm during MBE growth of InAs on GaP. The same analy-
to the intermixing and metal migration at the interface. As arsis also applies to the MBE of InAs on InGaP.
alternative, an isotype-n heterojunction can also work as a For epilayer perfection reasons, an In-rich condition is
rectifier if a barrier is developed in the conduction bant. used to initiate nucleation of INAs on Gaénhd InGaR. Dur-
is similar to the MS Schottky rectifier as a majority carrier ing the initial In-rich phase of MBE, excess In forms a “lig-
device. For example, the InAs/GaP heterojunction grown byiid” layer on the surface of GaP, creating a liquid composi-
molecular-beam epitaxyMBE) has demonstrated nearly tion that is undersaturated with respect to liquid—solid phase
ideal Schottky rectifier characteristics, in spite_of the largeequilibrium in the In-Ga—P phase diagrafi*° This under-
lattice mismatch(~11%) between InAs and GaP” Heavily  saturation is relieved at high growth temperatures by the dis-
dopedn-type InAs is highly conductive and acts as a "metal” solution of GaP into the liquid In to form a ternary In-Ga—P
layer in this heterojunction Schottky rectifier. The InAs/GaPliquid solution, until pseudoequilibrium is reached with the
diodes also demonstrates better stability than the metal/GaBaP substrate. Figure 1 shows the equilibrium between an
diodes after high temperature anneals, owing to the suppresa—Ga—P liquid(the squargand a ternary soligthe circle
sion of the interdiffusion across interfaces in large lattice-on GaP substrate in a schematic In—Ga—P phase diagram. A
mismatched semiconductor systems. Therefore thée line connects the compositions of the two phases that
InAs/GaP heterojunction provides a structure for the highcoexist at equilibrium. When the As flux is added to this
temperature power Schottky rectifier. liquid for the growth of InAs, it creates a supersaturation that

However, the performance of GaP-based power device relieved by the crystallization of the liquid solution. As a
is limited by its low mobility. Direct band gap InGaP has resylt, an InGaP,As,_, layer grows at the GaP interface
better figure of merit for power devices than GaPThe  with a composition graded from bein@a, P rich at the
Baliga figure of merit(BFOM) has been widely used 10 Gap interface to beingn,As) rich at the last-to-freeze sur-
evaluate semiconductor materials for high-power applicazace yntl finally the pure InAs composition is reached. After
tions. Due to its wide band gap, high mobility yhai the InAs epilayer grows on the surface by “normal”
(~3000 cn?/V's) and high breakdown electric field \BE. Therefore, instead of forming an abrupt interface, a
(~0.8 MV/cm), InGaP has BFOM of 39 normalized to that ¢ompositionally graded layer forms at the InAs/GaP inter-
of Si as 1. It means that a high-power rectifier made fronxace during a high-temperature MBE growth. Since the ini-
InGaP will have a theoretical mobility limited on-resistanceja| Gap dissolution into the In surface layer and crystalliza-
39 times less than that of a Si rectifier with the same blockyion of this In—Ga—P “liquid” layer is similar to the liquid
phase epitaxyLPE) process, it is named “parasitic LPE/
¥Electronic mail: an.chen@yale.edu MBE” as a hybrid form of MBE. This graded layer growth
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P indicated by the white dots at the interface. Figurg)2
shows a sample grown at higher temperat(re500 °C
which has a “smeared” interfacial layer with a width of
~15 nm between InAs and GaP. The same LPE/MBE pro-
cess can happen during the growth of InAs on InGaP at high
temperature. As we can see from the In-Ga—P phase dia-
gram in Fig. 1, the solubility of InGaP in liquid In is higher
than that of GaP. Therefore, the initial LPE process is ex-
pected to produce a thicker interface graded layer for the
InAs/InGaP structure than that for the InAs/GaP structure.
The existence of a graded composition region in a hetero-
junction interface will smear out the band offset and lead to
LS an electrically leaky diode. This explanation is consistent
with the experimental observation of the leaky characteristics
Ga in InAs/InGaP heterojunctions grown at high temperature.
At low substrate temperatures, the liquidus line ap-
proaches pure In compositigthe “ In” corner in the phase
FIG. 1. An isothermal section of a schematic In-Ga—P phase diagranq“agrarrI 'n Elg. J, indicating lower 3°|Ub_'“ty OT .GaP or
showing the equilibrium liquid and solid compositions. InGaP in liquid In. When the temperature is sufficiently low,
a thin liquid layer of almost pure In composition can exist in
mechanism is similar to the isothermal solution mixing equilibrium with the GaP or InGaP substrate. So low-
growth in the LPE of GﬁXAleS.m,ls temperature growth can turn off thg LPE components and
The presence of the interfacial layer has been confirme liow f?o”“a' MBE to f°”‘.‘ an abrupt interface that is needed
by the high-resolution TEM of the InAs/GaP interfaces or an ideal Schottky rectifier. Thus, a low-temperature MBE

grown at different temperatures, as shown in Fig. 2. Figurdechnique can be employed to grow abrupt InAs/GaP or
2(a) is a sample grown at lower temperature 300 °O InAs/InGaP heterojunctions. Since InGaP is superior to GaP

- ; ; e . _for power device applications, we further applied this low-
which shows clear abrupt interface with misfit dIS|ocatlonstemperature MBE technique in the study of InAs/InGaP het-
erojunction Schottky rectifiers.

R This LPE/MBE model is also tested by the electrical
characteristics of the InAs/InGaP heterojunctions grown at
both high and low temperatures. The samples were grown by
) a solid source MBE. A 2.Qem-thick 3x 10716 cm™ silicon

% (Si) doped InGaP layer was grown lattice-matched on a
GaAs substrate with a 1,0m heavily doped GaAs buffer
layer between these two layers. A 500-A-thick 1
X 10*° cm™® Si-doped InAs layer was grown on top of the
InGaP layer at 250° Cfor samples grown at “low” tempera-
ture) and at 500° C(for samples grown at “high” tempera-

; ture). A thin Ing 75Al 5 ,5As capping layer(50 A) was grown

{ i ! on top of the InAs layer to minimize the decomposition of

¢ GaP [ | . . .

H s ‘ InAs during high-temperature anneals. TiAu contact was de-
"2'&!:."/.5’.'/."‘.'-’}% % posited using e-beam evaporator and patterned using lift-off
@) for electrical characterization. Schottky rectifiers were fabri-
cated by etching InAs in 140,:3H;P0,: 50H,0 using the
patterned TiAu as an etching mask. A back-side ohmic con-
tact was made of AuGeNi alloyed at 400°C for 30 s in a
rapid thermal annealefRTA). No edge termination tech-
niques were used. The effect of growth temperature on the
electrical properties is compared on the two samples grown
at 250 and 500 °C.

Current-voltagél —V) characteristics were measured us-
ing an HP4156A parameter analyzer. Figure 3 shows the for-
ward biasl—V characteristics of the low-temperatufer)
InAs/InGaP  heterojunction,  high-temperature(HT)
InAs/InGaP heterojunction, and TiAu/InGaP metal—
semiconductor Schottky junction. The LT InAs/InGaP het-
erojunction shows linear—V characteristics over six orders
S ; of current magnitudes on the semi-logarithm scale, as shown
(b) by the solid line. The bend over at larger voltage is due to the
FIG. 2. High-resolution, cross-sectional TEM photomicrograph of series resistance. An ideality factor of 1.06 and a barrier

InAs/GaP heterojunction grown at the temperature of 30()@nd 500°C hei.ght Of_ 0.8 eV were _c:alf:ulatgd, _by fitting theV charac-
(b). teristics into the thermionic emission theory. On the reverse
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erojunction rectifiers before and after annealing at 500, 600, and 700°C,
FIG. 3. Forward bias current-voltage characteristics of InAs/InGaP heterorespectively.

junction rectifiers grown at low temperatu(eT) and high temperature

(HT). MBE As source, causes the growth of a compositionally

graded layer between the GaP substrate and the InAs epil-

bias side, the diode shows a soft breakdown and the maxgyer formed by normal MBE. Since this graded layer forms
mum parallel plane electric field achieved is aboutby a process similar to alloy layers formed by LPE, we have
0.5 MV/cm. The TiAu/InGaP rectifier has shown similar named and modeled this process as “parasitic LPE/MBE.”
Schottky diode characteristics. However, the InAs/InGaPJsing ternary phase diagram arguments, the “LPE/MBE”
sample grown at higher temperatui®0 °C shows resis- model explains the effect of growth temperatures on the elec-
tive, ohmic characteristics, as shown by the dashed line iffical properties of the heterojunction Schottky rectifiers. To
Fig. 3. The lower current in the HT sample is probably test the predictive ability of our model, we designed and
caused by higher series resistance in this device. These nofgsted a low-temperatut@50 °C MBE growth technique to
rectifying characteristics of the HT sample are expected fronform abrupt InAs/InGaP heterojunctions. The resulting LT
the LPE/MBE model. InAs/InGaP heterojunctions show nearly ideal Schottky rec-

The reliability of the LT InAs/InGaP heterojunction rec- tifier characteristics with an ideality factor of 1.06 and a
tifiers has been studied by annealing the samples by RTARarrier height of 0.8 eV. The reverse breakdown electric field
before metalization. The annealing was done inashbient  0f 0.5 MV/cm has been achieved without employing any
for 1 min at temperatures between 500 and 700 °C. Samplegflge-termination technique. The LT InAs/InGaP has shown
were placed upside down on a supporting Si wafer in theexcellent reliability and maintained the Schottky rectifier
RTA chamber and no cap layer was used. Figure 4 shows th@haracteristics up to 700 °C.
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