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In this letter, we report on the dc performance of chemical beam epitaxy grown InGaAs/InP 
hot electron transistors ( HETs). The highest observed differential fl (d1,/~!1~) is over 100. The 
HETs have Pd/Ge/Ti/Al shallow ohmic base contacts with diffusion lengths less than 300 A. 
Furthermore, we also demonstrated ballistic transport of electrons in an InGaAs/InP HET by 
obtaining an energy distribution of electrons with -60 meV full width at half maximum. The 
measured conduction band discontinuity of InGaAs/InP is 250.3 meV, which is 39.8% of the 
band gap difference. 

Hot electron transistors (HETs) have been studied for contacts. After the fabrication of the devices, we conducted 
high speed applications during the last decade, starting all dc measurements of the HETs in a cryogenic cooling 
from GaAs/AlGaAs HETs.’ Heiblum et ~1.~ used the same stage using a HP4145B system at 80 K. 
material system and reported a differential a (dlc/dIE) When the HET is operated under forward bias mode 
-0.9. In order to obtain an even higher a, a pseudomor- (as shown in Fig. 2), e.g., common base configuration, 
phic InGaAs base device, which offered larger F to L val- small emitter current will modulate the voltage across the 
ley separation, was introduced by Seo et al. 3 They observed emitter barrier, resulting in the modulation of coliector 
a differential p (dI,/dI& as high as 41 at 4.2 K. Because current. For the HET with a base width ( W,) =400 A and 
InGaAs and InP have wider I’ to L valley separation and a base doping (NJ = 1 x 1017 cmp3, the highest differential 
higher electron saturation velocity than the GaAs/AlGaAs a observed was over 0.99, which corresponded to a differ- 
system, the InGaAs/InP HET4 was predicted to have ential p over 100. The common base 1-V characteristics of 
higher current gain and better switching speed. this HET are shown in Fig. 3. 

The HET structure is ditlicult to fabricate because of 
the problems in making an ohmic contact to a narrow base 
region. In previous work, CrYAt? and Au/Ge/N? systems 
were the most-used metals for nonalloyed base contacts. 
However, the base had to be heavily doped, which limited 
the gain of the HETs. Furthermore, the nonalloyed Cr/Au 
or Au/Ni/Ge contact has a high contact resistance at low 
temperature if the base is not heavily doped and this de- 
grades the high frequency performance. In this study, we 
used a Pd/Ge/Ti/Al ohmic system to contact a thin base 
layer (400 A) .7 This ohmic system has a shallow diffusion 
length ( < 300 A) and shows good ohmic behavior at 80 K. 

In this work, we used the InGaAs/InP material system 
to study the dc performance of the HETs. Moreover, an 
“energy spectrometer”“2 technique was used to investigate 
the ballistic transport of electrons and measure the collec- 
tor barrier height of the HETs. 

We studied the dc performances of the HETs by 
changing the base width ( Wb) and base doping (Nd). We 
found that as W, and Nd were.decreased, the probability of 
scattering was decreased, thus the differential a was in- 
creased. However, when Nd is increased, the output con- 
ductance of the HET is decreased, and the surface deple- 
tion depth is also decreased at the extrinsic base region, 
although the differential fl is decreased. Thus, we could 
obtain better 1-V characteristics from the HET. For Nd= 2 
x lOi cmw3, Wb=400 A (UMA-580), the common emit- 
ter 1-V characteristics are shown in Fig. 4. 

As shown in Fig. 4, for every I, step, Ic dramatically 
increases roughly at V,,= 1.0 V. This could be the com- 
bined effects of ( 1) tunneling of base electrons through the 

The materials of this study were grown using a Varian 
Gen II chemical beam epitaxy (CBE) reactor. The source 
materials were trimethylindium, triethylgallium, 100% 
phosphine and 100% arsine for Inc53Gac47A~ and InP. All 
the structures were grown on (100) Fe-doped semi- 
insulating InP substrates at a substrate temperature of 
530 “C. The typical HET structure is shown in Fig. 1. 

The fabrication of the HETs was conducted by a novel 
self-aligned process. Fist, conventional photolithography 
was used for all of the patternings. Second, we adopted 
HBr/H,O/SWBr (saturated bromine water) for nonselec- 
tive mesa etching, and H,PO,/H,O,/H,O for selective 
base recess. Then the Ni/Ge/Au/Ti/Au and Pd/Ge/Ti/ 
Al system were used for the emitter (collector) and base 

layer doping(cms3) width(nmJ 

IIlGaAS 1.0 x IO’ 8 300 Emitter 
InGaAs undoped 5 Spacer 

InP undoped 17.5 Emitter barrier 
InCaAs undoped 5 Spacer 
InGaAs Nd wb- 10 Base 
InCaAs undoped 5 Spacer 

InP undoped 200 Collector barrier 
InGaAs undoped 5 Spacer 
1nGaA.s 1.0 x ld * 400 Collector 

InP buffer layer 
Fe - doped Semi - insulating InP substrate 

FIG. 1. The HET structure with base width W, and base doping N& 

189 Appl. Phys. Lett. 61 (2), 13 July 1992 0003-6951 /Q2/270189-03$03.00 @I 1992 American institute of Physics 189 



- m  
‘c 
5 1.5 

cc w 
e 
ri 

5 0.9 
.ri 
Gi 
s 
g 0.3 

ii 

8 0 

I 300 

: 2 2 
_: .% 7 -0 

3 
z 

- -300 3 
E 

70 210 350 

Distance (nm ) 

FIG. 2. The band diagram of the HET under forward bias mode, which 
is generated by a self-consistent simulation, solid line=conduction band, 
dashed line=electron concentration. 

collector barrier and (2) depletion of base charge (punch 
through). Moreover, the HET has an 1, turn-on voltage 
VcE-0.2 V. Below this voltage, the emitter and collector 
barriers block low energy electrons efficiently, resulting in 
very small I, output current. The differential fl is from 32 
to 45 for most of the bias range, and the highest differential 
fi is 66. Moreover, we found that further increasing of Nd 
( > 3 X 1017 cmB3) and W, resulted in a decrease of differ- 
ential p and CL 

One of the advantages- of studying HETs is to provide 
information about ballistic transport of electrons in semi- 
conductors. Previous researchers have demonstrated this 
phenomenon in GaAs/AlGaAs, * InGaAs/AlGaAs,2 and 
InA1As/InGaAs8 HETs. In this study, we demonstrated 
this phenomenon in an InGaAs/InP HET for the first time 
with the LIMA-555 HET, using an energy spectrometer 
technique. 

For the HET operating in the energy spectrometer 
mode, which implies that both V,, and Vcs are negative, 
the energy band diagram is shown in Fig. 5. The derivative 
of Ic with respect to Vcs, i.e., &c/dV,, is proportional to 
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FIG. 3. Common base Z-V characteristics of the UMA-555 HET. 
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FIG. 4. Common emitter I-V characteristics of the UMA-580 HET. 

the number of collected electrons as a function of energy. 
By varying Vcs, we will get a distribution of the collected 
electrons, as shown in Fig. 5. The main peak of this distri- 
bution is the ballistic peak2 and the peak value is at V,, 
= VP The full width at half-maximum (FWHM) of the 
distribution remains around 60 meV for different V,,. 

As discussed in Refs. 2 and 8, we can estimate the 
collector barrier height Qc from the ballistic condition, as 

qVEB--A=Qc+qVcB(at peaks)-&-{. (1) 

Basically, this condition implies the energy conservation of 
ballistic electrons for the entire transport. Where V,, is the 
injection voltage; A is the small displacement of the normal 
distribution peak injected into the base down from the 
Fermi level in the emitter; Qc is the collector barrier 
height; VcB (at peak) is equal to VP; 6, is the band bending 
at the collector side of the spectrometer barrier at V,, 
= VP; and [= EF-EC is assumed to be 82.5 meV for nc= 1 
X 1018 cmp3 at 80 K. 

In Eq. ( 1 ), the V,, and VcB are measured values, and 
the A and S, are calculated by a HET simulation with an 
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FIG. 5. G vs Vcs curve; and the band diagram under the energy spec- 
trometer mode, solid line=conduction band, dashed line=electron con- 
centration. 



TABLE I. Summary of energy distribution results. 

- vEB 
(mV) 

A SC QC -v,h 
(meV) (meV) (meV) (mW 

215 11.0 0.5 50 237 142.5 
230 10.0 0.8 51.5 245.8 150 
245 8.9 1.0 65 254.6 160 
260 I.5 1.5 72.5 264 172.5 

assumed barrier height of 250 meV. These values are listed 
in TabIe I for various bias conditions. The A becomes 
smaller as VEB increases to more negative values, since 
emitter electrons see a thinner triangular emitter barrier, 
resulting in less reelection of electrons and a smaller A. 
From Eq. ( 1 >, the calculated collector barrier height 
ranges from 237 to 264 meV with an average of 250.3 meV. 
It agrees well with the number assumed in the HET sim- 
ulation (250 meV) . Moreover, the Fermi level is assumed 
almost at the conduction band edge in the base region. 
Therefore, the above result suggests that the conduction 
band discontinuity is 39.8% of the band gap difference for 
the InP/InGaAs heterojunction, and it is consistent with 
previous reports 9S10 which obtained the data from admit- 
tance spectroscopy or C-V measurements. 

The FWHM of the distribution is not broadened for 
different VEB and the peak value satisfies the ballistic con- 
dition [Eq. (l)] within the energy associated with an op- 
tical phonon scattering (34.5 meV for InGaAs). More- 
over, for the VEB’s shown in Fig. 5, we measured the base 
transport ratio a (It/l,) at VcB= VP to determine the 
fraction of ballistic electrons. From the two conditions and 
measured a’s, we found that up to 50% of emitter elec- 
trons could travel through the base region ballistically. 

Furthermore, it is shown in Fig. 5 that the G (d1c/ 
dVcB) value does not drop to zero within the voltage range 
shown in Fig. 5; e.g., we Ford Ic drops below zero at a 

threshold voltage V,,. This is because, when VcB < &,, 
electrons start to tunnel through the collector barrier from 
the collector to the base, resulting in negative 1, If 1, 
remains unchanged for a range of voltage, dI,/dV,, will 
drop to zero. However, we did not observe such a range of 
voltage in our HET structure. 

In conclusion, we have fabricated CBE grown 
InGaAs/InP HETs with high current gains and shallow 
ohmic base contacts. The processing technique developed 
in this study can be used to fabricate other types of reso- 
nant tunneling transistors with direct contact to the base. 
The InP/InGaAs material system is promising for high 
speed device applications. Moreover, the HET is a good 
tool to investigate carrier transport in semiconductors and 
physical properties of semiconductors. 
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