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ABSTRACT

A105Ga05Sb/GaSb meta1semiconductor-meta1 (MSM) detectors have been

prepared on semi-insulating InP substrates. The molecular beam epitaxially grown

samples on differently oriented substrates exhibit different types of conductivity. The

Schottky barrier height between Al and Al0 5Ga05Sb grown on (311)B oriented

substrates is 0.6 eV, while the Al contacts on (100) sample exhibit ohmic behavior.

The results show that the Sb-deficiency related p-type native defect density is

significantly reduced in the samples grown on (311)B oriented substrates. The 3—dB

device response bandwidth is about 1 GHz at room temperature and beyond 10 GHz at

77K.

The metal-semiconductor-metal (MSM) photodetectors offer the fundamental

advantages of extremely low device capacitance and compatibility with MESFETs

technology. These advantages are favorable for optical fiber receivers in high speed

and low noise operation. Due to their unique planar structure, the capacitance of

MSM photodetectors is very low. It has been shown that an integrated photoreceiver
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using a MSM photodetector, rather than a p4n photodiode, is inherently more

sensitive at high communication data rates, despite the reduced responsivity caused

by the metal finger shadowing.1

The material most commonly used for photoabsorption layer for 1.34.6 pm

wavelength is 1n053Ga047As, which is lattice-matched to the hiP substrate.

However, the Schottky barrier height on n-type InGaAs is too low (0.2 eV) to

accomplish an InGaAs MSM photodetector with a low dark current,2 which is

necessary for a low-noise photoelectronic receiver. Since InGaAS does not form a

satisfactory Schottky contact, a thin wide bandgap InAlAs or InP layer has been

introduced between the InGaAS and the metal contacts. The devices with this kind of

barrierenhancement layer have shown improved performance with a very low dark

current.3'4 However, in this kind of structure, large band offsets exist both in

conduction band and valence band at the InGaAs-InAlAs or InGaAs4nP

heterointerface. These band discontinuities will give rise to significant charge storage

problems, especially hole storage due to the fact that the mobility of holes is much

lower than electrons. These devices only show large bandwidth (>5 GHz) when they

are biased at large voltages (10 V). These large bias voltages are required to enhance

the velocity of holes as well as their emission across the barrier, which is a result of

the band discontinuities at the heterointerface. Thus optimum performance of MSM

photodetectors requires a compromise between the low dark current and the small

carrier storage, and hence a high hole mobility and less hole storage at the

heterointerface are crucial for the high speed operation of MSM photodetectors.

Besides InGaAs, GaSb is another attractive semiconductor material for 1.3-1.6

pm photodetectors. GaSb is a direct bandgap semiconductor with a bandgap of 0.725
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eV and a hole mobility as high as about 700 cm2.V1.s1 at 300 K for the undoped

material which usually shows iO' cnr3 ptype. GaSb, like InGaAS, has a high

absorption coefficient for 1.3 and 1.5 p.m radiation. The Fermi level at a
hiGa047As surface pins close to the conduction band and at the GaSb surface pins

close to valence band.5 At room temperature, the Schottky barrier height of Au on n

type GaSb was measured about 0.6 eV by Mead.5 This large Schottky barrier height is

favorable for low dark current MSM photodetectors. With an AJGaSb barrier-

enhancement layer the dark current would be further reduced while the lower

effective hole mass in the alloy systems employing GaSb would continue to result in

improved hole collection properties. Therefore, it is expected that the MSM detectors

with AlGaSb/GaSb heterostructure will have better performance than
InGaAs/InAlAs or InGaASIIDP MSM detectors. This expected better performance

and process compatibility with GaSh-based p-channel FET and InAs n-channel FET

technologies make GaSb/A1GaSb a very attractive material system for MSM

photodetectors.6-8

The major difficulty for GaSb MSM detector fabrication is to obtain lightly n-

doped epitaxial layer, which is required for a low dark current MSM detector with a

low device capacitance. As mentioned above, the undoped GaSb epilayer shows p-type

conductivity. The typical doping level for a MBE grown GaSb epilayer on (100)

substrate is iO' cm3 p-type. This p-type conductivity is owing to the Ga antisite

defects in GaSb, which is a result of Sb deficiency during GaSb growth, and not

residual impurities.9 These defects have to be reduced in order to obtain lightly n-

doped GaSb because it is very difficult to compensate a iO' cm p-type material into a

1015 cm3 or 1x1016 cm3 n-type material reproducibly. Therefore, in order to improve

the quality of MBE grown GaSb and obtain lightly n-doped GaSb epilayer, it is
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necessary to produce a more Sb-rich growth environment. As demonstrated in our

work, the Sb rich growth environment can be realized by growing GaSb on (311)B

oriented substrates rather than (100) oriented substrates.

Among all crystal orientafions, the most Sb-rich surface is the (111)B surface.

On the (111)B face, as shown in Fig. 1, the surface is Sb rich with each Sb atom having

three backbonds and one surface dangling bond. In comparison, the (100) face has

both Ga and Sb sites with each site having two backbonds. Therefore, the (111)B

surface, which has a higher Sb sticking coefficient than the (100) face, will yield a

larger Sb surface concentration for a given impinging Sb flux value. However, growth

on (111)B oriented substrates often results in rough morphology due to the high

sticking coefficient and low mobifity ofSb at (111)B surface. On the (100) and its vicüa1

surfaces, it is well established that growth proceeds by the step-terracekink growth

mechanism. Growth of GaSb on these surfaces usually results in good surface

morphology but relative higher native defects due to the Sb deficiency. Therefore, it is

expected that for GaSb, the optimal growth condition lies somewhere between the

(100) and (111)B planes. In general, planes doser to the (111)B will produce lower p

type native defect densities while those closer to the (100) will provide better

morphology.

In contrast to (111)B and (100) orientations, the surfaces oriented between (111)B

and (100), such as (211)B, (311)B, and (511)B, are composed of both single-dangling

bond sites and and double dangling bond sites, making the surface partially (111)B-

like and partially (100)-like. In the case of (211)B surface, there are twice as many

(111)B-like sites as there are (100)-like sites, Thus, the (111)B-like character outweighs

the (100)-like character. It would be expected that (211)B orientation would be favored
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for GaSb growth. However, growth on this orientation will tend to proceed in a (111)B-

like fashion. In other words, growth on the (211)B should be considered as identical to

growth on "tilted (111)B surface". It is expected that growth on (211)B face would

confront the same difficulties as the (111)B surface, such as rough morphology,

stacking faults, etc.. For the (511)B orientation and higher index planes, the (100)4ike

bond sites outnumber the (111)B4ike bond sites and thus the (100)4ike character will

dominate. Growth on these orientations will adopt the (100) growth mode, but may not

possess Sb rich enough environments. The (311)B surface, as shown in Fig. 2,

consists of equal densities of single. and double-dangling bond sites resulting in equal

weighting of the (111)B4ike and (100)-like components. (311)B is the orientation which

has the highest density of (111)B4ike bond sites and stifi supports (100) growth mode

since only a single-monolayer step exists and its terrace along (100) surface just

consists of one atom, which is the shortest possible terrace width. Therefore, (311)B

becomes the optimal choice for GaSb growth since it will support the step-terrace-kink

growth mode and the surface structure is still 50% (111)B-like.

To study what we have presented above, GaSb/A1GaSb heterostructure MSM

detector were prepared by MBE growth on semi-insulating InP substrates of (311)B

and (100) orientations. The substrates of different orientations were mounted side by

side for simultaneous growth of the MSM detector structure. The structure consisting

of a 2 jtm undoped Al0 5Ga0 5Sb buffer layer followed by a 1.5 p.m Te doped GaSb

layer, 50 nm Te doped Al0 5Ga0 5Sb barrier-enhancement layer, and 5 nm GaSb cap

layer, which is also Te doped. The doping level of the samples were measured by Hall

effect measurements at room temperature. The structure grown on (311)B shows n-

type conductivity with a doping level of 1.5x1016 cnr3 and a mobility of 5500 cm2.V1•s

1, while the structure grown on (100) orientation exhibits p-type conductivity with a

doping level of 8x1016 cm and a mobility about 600 cm2.V1.s1. The Schottky barrier
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height between Al and the MBE grown strictures were measured by the standard LV

measurements. The Richardson plot of a Schottky contact on the (311)B sample is

shown in Fig. 3. The barrier height ofthe (311)B sample is estimated about 0.6 eV, but

the (100) sample showed ohmic behavior.

Interdigitated-finger structures with finger lengths and finger spacings from 1

to 4 Lm and finger widths varying from 25 to 90 jim were fabricated using silicon

nitride as a dielectric layer, aluminum as a metal barrier, and titaniumplatinu.m

gold as the interconnect metal. At the a bias voltage of 2.5 V, the devices with an area

of 25x25 2exhibit dark currents of =4 pA at 300 K and O.1 nA at 77 K . Fig. 4 shows

the results of the responsivity of the detectors as a function of incident optical power

for various bias voltages, which were measured at 300 K. At low bias voltages, the

responsivity is about 0.2 AIW; at high bias voltages, it exceeds 0.6 A/WI which is close

to the theoretical maiimum. The intensity dependence of the responsivity is large at

high bias voltages and is attributed to both the low frequency gain and the limitations

on transport placed by an abrupt barrier. The use of graded junctions should decrease

the latter effect. Fig. 5 shows the modulation response at room temperature for a

large area detector at a wavelength of 1.3 tm. The 3 dB response bandwidth of the

device exceed 1.0 GHz at a bias voltage of 2.5 V. The bandwidth is similar to those

observed in similarly structured Ga047In0.53As MSM detectors at similar bias

voltages. Evidence regarding the hole velocities is inconclusive from these results.

In addition to room temperature characterization of the detector performance,

we have also performed a similar measurement at 77K. A significant improvement

in response was observed near 77 K as shown in Fig. 6. The laser excitation source

used has a fuThwidthhalf-maximum (FWHM) of =23 ps and the photodetector shows
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a response with a FWHM of 27 ps. This indicates an increase in hole mobility which

leads to an improvement in the detector response in the initial part of the carrier

collection process. The tail of thiá response corresponds to a velocity of 3 x 106 gl at
an electric field of 2.5 x 103 Vcnr1. The 3-dB bandwidth of the detector, based on these

measurement, exceeds 10 GHz at the bias voltage of 5 V. This is a substantial

improvement over Gao•471n0,53As MSM detectors which typically have 3dB

bandwidths of about 34 GHz under the same bias conditions. This low temperature

response suggests an improvement in the characteristics of the detectors and can be

attributed to the improvements in transport and storage of holes in these structures.

The decrease in FWHM, largely associated with the peak response region and hence

with high carrier densities in the detector, suggests both an improvement in the low-

field velocity of carriers which occurs due to improvements in mobility, and the

insignificant effect of collection inefficiencies at these large hole carrier densities. At

300 K, the mobiities in these structures are still low, similar to those of other ffl-V

semiconductors, which is perhaps due to the effects of residual defects arising from

the lattice-mismatched growth and residual impurities.

In conclusion, we have demonstrated the Al0 5Ga0 5IGaSb MSM detectors

prepared on (311)B InP substrate. The results from Hall effect and I-V measurements

have demonstrated that (311)B is the optimal choice for GaSb growth since it will

support the step-terrace-kink growth mode and the surface structure is still 50%

(111)B-like. The transient response of these devices is about 1 GHz at room

temperature and exceeds 10 GHz at 77 K. This significant improvement is attributed

to the improvements in hole transport and storage of holes in these structures. The

less Sb-deficiency related p-type native defect density in the GaSb grown on (311)B
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oriented substrates make this orientation the optimal choice for the fabrication of

GaSb based electronic and photonic devices.

This work is supported by National Science Foundation with additional support
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Fig. 1 (111)B GaSb viewed along the [0111 direction.

• Sb
OGa

Fig. 2 (311)B GaSb viewed along the [0111 direction. The
heavy line highlights the (100) terrace structure.
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Fig. 3 The Richardson plot of a Schottky contact on the
(311)B sample.
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Fig. 4 Responsivity at 300 K as a function of optical
intensity of 1.3 i.i.ni wavelength for various bias voltages.
The responsivity varies between 0.18 and 0.63 A/W and
is a function of optical intensity and applied bias.

cJ

1

8
7
6

5

4

3

2

10_li
2.8

I I I I

0.1
-20

Optical Intensity (dBm)

SPIE Vol. 1813 Optoelectronic Component Technologies (1992)1317



V

C

C.)

Fig. 5 The modulation response at 1.3 p.m wavelength
and 2.5 V bias voltage for a 90x90 p.m2 area MSM diode
employing 2pm finger lengths and spacing.
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Fig. 6 The temporal response at 77 K to a laser pulse with
FWHM of 23 ps. The solid line shows the detected laser
signal, and the dashed line shows the detector signal. The
bandwidth is estimated to estimated exceed 10 GHz.
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