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Abstract: The thermal-runaway process in long- 
wavelength velocity-matched distributed 
photodetectors (VMDP) with metal- 
semiconductor-metal photodiodes has been 
investigated. A three-dimensional numerical 
electrothermal model has been developed which 
takes into account the nonlinear thermal 
properties of the substrate and the nonuniform 
temperature rise due to self heating. The model 
shows that, owing to its distributed nature, the 
photodetector is able to operate at high optical- 
power level before catastrophic failure occurs. 
When this happens, a highly localised hot spot 
appears within the device and the I-V 
characteristic exhibits a typical ‘current crush 
point’, where the current rapidly increases with 
increasing bias voltage. Examples are discussed to 
highlight the thermal behaviour of the distributed 
detector and to compare the model with 
experimental data. 

High-power high-speed photodetectors are attractive 
devices for applications in optical-heterodyne detection 
in the microwave- and millimetre-wave range. More- 
over, they are key components in microwave fibre-optic 
links whose performance parameters (such as the link 
gain, signal-to-noise ratio and spurious free dynamic 
range) benefit from receiving the maximum available 
optical power [l]. Significant progress has been made in 
this kind of photodetector using both surface-illumi- 
nated [2, 31 and waveguide approaches [4]; however, the 
small absorption volume, required for high-speed oper- 
ation, causes the density of photogenerated carriers to 
be high even at low input optical power. The ensuing 
electric-field screening effects lead to low saturation 
power, nonlinear behaviour and harmonic distortion. 

Enlarging the effective absorption volume is the most 
direct way of increasing the saturation power. To 
achieve high-power capabilities with high bandwidth 
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and efficiency, travelling-wave photodetectors, first 
suggested in [SI, have been used [6, 71. Although their 
increased absorption volume enables good saturation 
levels to be obtained, very low bandwidth has been 
reported (4.8GHz) because of the difficulty of match- 
ing the velocities of the copropagating optical and elec- 
trical waves [7]. 

To overcome this problem and to take advantage of 
the travelling-wave concept, a GaAs/AlGaAs velocity- 
matched distributed photodetector (VMDP) is pro- 
posed which operates at 860nm [8]; a high saturaton 
photocurrent of 56mA and a bandwidth of 49GHz 
have been achieved. However, InP-based long-wave- 
length photodetectors, operating at 1.3 and 1 S5pn-1, are 
required in long-haul photonic systems. Recently, the 
first experimental results on InGaAs/InAlAs/InP 
VMDP were reported [9]. Its structure and physical 
behaviour are discussed in detail below. 

Since VDMPs are high-power detectors, device 
breakdown induced by thermal runaway is a poten- 
tially serious problem, and a quantitative failure model 
is needed to improve the device performance and relia- 
bility. In this paper, the thermal runaway process that 
leads to catastrophic damage in InP-based photodetec- 
tor is investigated through a self-consistent steady-state 
electrothermal model. To obtain high-resolution sur- 
face-temperature maps at a moderate computational 
cost, Green’s-function approaches, coupled with effi- 
cient numerical implementations, have been exploited. 
Thermal runaway is assumed as an indicator for poten- 
tial device failure, since the actual failure mechanism 
(metal diffusion into the semiconductor, which ulti- 
mately leads to photodiode short-circuiting), is acti- 
vated by a temperature increase. 

2 Design end ffdWi@a~iQUI 

The schematic structure of the VMDP is illustrated in 
Fig. 1. High-speed metal-semiconductor-metal (MSM) 
photodiodes, chosen because of their easy integration 
with microwave transmission lines, are periodically dis- 
tributed on top of a passive optical waveguide. The 
output photocurrents are collected by a 50Q coplanar- 
strip (CPS) microwave transmission line that is velocity 
matched to the optical waveguide. 

Each active MSM photodiode consists of an InGaAs 
absorption layer, InGaAsIInAlAs graded superlattice 
layers, InAlAs Schottky-barrier enhancement layer, 
and TiIAu fingers with thickness of 200&2000~. The 
mesa is defined by wet etching down to the InAlAs 
upper cladding 11. Fig. 2 shows the cross-section of 
VMDP after mesa etching and an enlarged image of 
graded superlattice which consists of 11 pairs of alter- 

25 IEE Pruc.-Optoel~clron,, Vol. 146, Nu. 1, Ftlmiary 1999 



Fig. 1 
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Schemutic structure of long-wavelength velocity-mutched distributed photodetectors ( VMDP) 

nate layers of Ino,53Gao.47As and In0.52A10.48A~ with 
thickness radually varied in opposite directions from 
55A to 5 1  with a fixed period of 60A. The absorbing 
region is designed to be on the top surface and evanes- 
cently coupled to a 3 pm-wide optical-ridge waveguide 
which is defined by further etching down 0.1 pn of the 
InAlAs upper-cladding I1 layer. The material composi- 
tion and thickness of each layer is designed in such a 
way that only the optical fundamental mode exists in 
both the passive waveguide and active photodiode 
region. After mesa and waveguide etching, the interdig- 
itated fingers and the coplanar-strip microwave trans- 
mission lines are patterned using a standard liftoff 
technique. 

55A Ino 52AI0 48As 

5w Ino 53Gao 47As 

50w Ino 5filo 48As 
1 Ow Ino 53Gao 47As 

200A Ino 5 f i ~ o  4 8 ~ ~  

660A graded superlattice 
0 15pm Ino 53Gao 47As 

0.2pm lno,5fi10,48As upper cladding I1 

0.2pm lno~5fi10,3,Gao,,,As upper cladding 

The VMDP design allows the passive waveguide, the 
active photodiodes, and the microwave coplanar strips 
to be optimised independently. The optical waveguide 
is designed for low coupling loss and single-mode oper- 
ation. All photodiodes are kept below saturation by 
coupling a small portion of the optical power from the 
waveguide. The microwave transmission line is opti- 
mised for impedance and velocity matching without 
sacrificing the photodiode performance. Finally, in 
addition to their photoactive action, the periodically 
arranged MSM structure is also used as shunt capaci- 
tive load of the CPS line, required to slow the speed of 
the electrical wave with respect to the optical one, thus 
achieving the velocity match. Although the quantum 
efficiency of each MSM is kept low to allow for high 
saturation power, the photocurrents are summed in 
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phase and the total quantum efficiency of the VMDP 
increases with the increasing number of photodiodes, 
thanks to the velocity match and series connection. 

The first experimental 1.2mm-long device, consisting 
of 12 MSM photodiodes, exhibited a 3dB bandwidth 
of 18GHz and an overall quantum efficiency of 34% 
[9]. Optical litography is employed to pattern the MSM 
photodiodes, and the resulting finger width and spacing 
are both 1 ~ .  Thus, by scaling down the MSM to 
0.lpm through EB litography, a frequency response in 
excess of 100GHz is expected. 

3 En@ctrolPP@rmaO-onQdlesOingl approach 

The operation of high-power VMDP is characterised 
by a significant amount of device self heating. In addi- 
tion to affecting the VMDP reliability and lifetime, a 
catastrophic temperature increase caused by thermal 
runaway can occur. Strong device heating is expected 
to activate technology-dependent degradation mecha- 
nisms (such as metal diffusion) which ultimately lead to 
device failure. Thus, the thermal-runaway condition 
can be expected to be a significant indicator of device 
failure, even if the detailed failure mechanism is not 
explicitly included in the model. A self-consistent 
model for the device temperature distribution and a 
quantitative understanding of the operating conditions 
leading to thermal runaway are therefore useful for 
improving device design. 

A simple thermal-runaway mechanism in VMDPs 
can be associated with the temperature increase of the 
reverse dark current. This additional current will in 
turn generate heat, thus leading to positive feedback. 
At some point, commonly defined as the 'current crush 
point', the process becomes unstable, resulting in 
uncontrolled current and temperature rise until cata- 
strophic failure occurs [lo]. To model the process, the 
temperature dependence of the dark current and the 
temperature distribution associated with Joule heating 
must be investigated. 

Since the MSM photodiode consists basically of two 
Schottky contacts connected back to back, it is only 
possible to measure the reverse I- V characteristics, 
even if the bias voltage Vis positive. The dark-current- 
voltage relationship can be analysed by using a 
thermionic-emission model and by superimposition of 
the single MSM solutions [ll]: 
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N 

(2) 
I d a r k  = x I $ r k  

j=1 

where N is the number of MSM detectors in the 
VMDP device and is the average temperature on the 
jth MSM. Since all MSM detectors have the same size 
and structure, the contact area S,  the modifed Richard- 
son's constant ASUP* and the Schottky-barrier height 
qi have been handled as constant throughout the 
VMPD. The effect of the image-force lowering has 
been taken into account through the ideality factor y. 
The dark current measured under DC bias by connect- 
ing the device to a heat sink at temperature T does not 
lead to significant Joule heating, i.e. rJ = T for all 
MSM detectors. On the basis of this assumption, the 
dark currents of the VMDP have been experimentally 
characterised for various bias voltages and tempera- 
tures, and then fitted to the model in eqns. 1 and 2, as 
shown in Fig. 3 for a 1.2mm-long VMDP consisting of 
eight 16 x 4 8 p 2  MSM photodiodes. Values around 
0.6eV and 7.74A/cm2K2 have been found for the bar- 
rier height and Richardson's constant, respectively; 
these values are close to the values suggested for the 
same epitaxial structure by Lee and Sheng Li [12]. The 
ideality factor y is around 1.007. 
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Fig.3 Dark current against temperature or a I.2mm-long VMDP 
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The effective refractive index (ERI) and the multi- 
layer stack theory [I31 are exploited to compute the 
optical-field profile. The transverse structure is multi- 
modal along the lateral direction 0 axis) only; Figs. 4 
and 5 provide examples of the optical-field profiles for 
the fundamental mode in the active region and the pas- 
sive waveguide, respectively. The optical wave is mainly 
confined in the passive core region, and is coupled eva- 
nescently to the top InGaAs absorbing region in the 
active section. The confinement factor is very low (I? = 
2.3) in agreement with the purpose of high-power oper- 
ation. Since the optical transitions between the passive 
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waveguide and the active photodiode sections are rela- 
tively smooth, the theoretical coupling efficiency K1 for 
the designed VMDP is found to be 98%. Further, the 
structure is designed to guarantee a high coupling effi- 
ciency (KO = 68.4) between the waveguide mode and 
the Gaussian field emitted by a single-mode fibre. 
Assuming Po to be the optical input power coupled 
into the VMDP photodetector, the photocurrent devel- 
oped by thejth MSM detector can be expressed as 

I,"" = Po&) {K1(1- q)l(l}j-l K1q ( 3 )  

where q is the quantum efficiency of the single MSM 
photodiode while the propagation in the passive optical 
waveguide is assumed to be lossless. 
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Fig. 4 0pticalzf;eldprof;le in the active photodiode region of the VMDP 

vertical direction, wm 
Fig.5 
VMDP 

Optical-field profile in the passive waveguide region of the 
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Fig.6 Schematic diagram of a VMDP with four frat MSMs 

To find the temperature distribution of the device, a 
numerical, three-dimensional thermal model has been 
ClPvPlnnPCl F i u  6 chninrc R c r h e r n a t i r  dinurnrn nf R 

VMDP device where each MSM photodiode is mod- 
elled as a rectangular source on top of the InP sub- 
strate; a, b and t are, respectively, the x, y and z 
dimensions of the substrate. No heat flow through the 
sides, end facets or top surface of the substrate is con- 
sidered. The heat generated by the MSM photodiodes 
is removed by a highly conductive sink, which is kept 
at room temperature To. With these boundary condi- 
tions, the thermal-resistance matrix of the substrate can 
be computed efficiently thanks to spectral-domain 
Green's-function techniques coupled with FFT meth- 
ods, including the effect of surface metallisation [14, 151 
and the nonlinear thermal-substrate properties [ 161. 
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Nevertheless, the influence of heat conduction through 
the thin surface metal on the surface temperature distri- 
bution has been found to be negligible in the devices 
under investigation. A simple iterative numerical 
scheme is used to obtain a self-consistent solution of 
the temperature distributions and I- V characteristics: 
given the external bias and optical input power, an ini- 
tial guess is provided for the average temperature of 
each MSM detector and the current is evaluated as 
sum of the dark and photocurrent. From the distribu- 
tion of the dissipated power, a new guess is computed 
for the average temperature increase on each MSM 
detector. The iterative process 'is repeated until, for 
each source, the temperature change between consecu- 
tive iterations is smaller than 0.1 K. After convergence, 
an increased value of bias voltage is proposed as the 
starting point for a new iteration. 

4 Discussion and resdts 
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Fig. 7 shows the calculated I-V characteristics for two 
different devices, denoted as VMDP1 and VMDP2. 
The first is a 4 0 0 ~ - l o n g  device with four 11 x 4 8 m 2  
MSM photodiodes, while VMDP2 is a 600 pm-long 
device with four 16 x 48pn2  MSMs. The theoretical 
quantum efficiency q of each individual MSM photodi- 
ode is 7.6% in device VMDP1 and 11.2% in VMDP2. 
For an optical input power of 500mW, VMDP2 has a 
breakdown voltage of around 16V and the correspond- 
ing damaging electrical power level is around 2.3 W. As 
the size of MSM photodiodes is reduced, the thermal 
power generated decreases and the runaway process 
occurs at a higher voltage. However, the advantage 
gained is comparatively small, and does not compen- 
sate for the reduction in output power caused by the 
lower output current (see Fig. 7). 
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The temperature distributions at the top surface of 
VMDP2, under 500mW optical power, are shown in 
Figs. 8 and 9 for bias voltages of 12V and 17V, respec- 
tively. At the first operating point (12V) the tempera- 
ture variations are small across the four detectors. At 
17V thermal runaway has taken place and the tempera- 

ture distribution shows a dramatic difference between 
the first MSM (where a highly localised hot spot is 
formed) and the others. This is, of course, consistent 
with the fact that in the present VMDP design the opti- 
cal power absorbed by the first MSM detector is signif- 
icantly larger than the power absorbed by the other 
detectors. Therefore, if the size of photodiodes is fixed 
but their number is increased, the current crush point 
for the first MSM and for the whole VMDP remain the 
same, but the total photocurrent increases. 
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Fig. 8 Temperature distribution on surface of substrate for 6OOpr1-long 
(axis a)  and 4 0 0 ~  wide (axis h) device with our M S M  photodiodes (16 
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Fig, 9 Temperature dflerence on surface of substrate for 6OOpi-long 
(uxis a )  and 4 0 0 ~  wide (a-xis b)  device with four MSM photodiodes (16 
x 4 8 ~ ' )  for opticalpower of500m W und voltuge of 17 V 

The advantage achieved by the distributed structure 
compared with a concentrated one in terms of thermal 
behaviour clearly appears on comparing the theoretical 
I-V characteristics of VMDP2 and of a lumped MSM 
photodetector with the same active area (see Fig. 10); 
the input optical power is 500mW for both structures. 
Although the same DC quantum efficiency is obtained 
in both structures, the breakdown voltage of the 
VDMP shows a dramatic improvement. 

Despite the excellent performances of VMDPs, the 
application of such devices to real-world systems can 
be compromised by poor reliability. In fact, even if the 
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VMDP bias and optical input power are kept well 
below the thermal-runaway condition, the device peak 
temperature could still reach 450K (see Fig. 8); this is 
of great concern when assessing VMDP reliability and 
lifetime, since degradation mechanisms are well known 
to be exponentially accelerated by an increase of the 
operating temperature. The fact that high-temperature 
tests in the range 370-470K are generally used to 
reduce test-time aging rates by several orders of magni- 
tude suggests that a temperature of 450K is certainly of 
concern. Furthermore, degradation of metal contacts 
associated with their reaction with semiconductor sur- 
face layers is expected to be a typical failure mecha- 
nism, as it is in temperature-accelerated testing [ 171. It 
is also expected that reaction between metal and 111-V 
compound semiconductors will ultimately form alloys 
of metal-I11 elements and of metal and 111-V elements. 
Such processes, involving interdiffusion, result in the 
generation of defects and an increase in thermal and 
electrical resistance. 

162 

158 

4 E 
$ 154 
L 

3 

150 

- 

- 

- 

- 

146 

In the present device, the failure mechanism appears 
to be dominated by the diffusion of metals from elec- 
trode to semiconductor. A few VMDP devices were 
stressed intentionally (gradually increasing optical 
power and bias) and an electrical-power level was 
measured at breakdown of 50mW. Clear signs of gold 
diffusion into the semiconductor material were found. 
For all devices tested to failure, visual inspection 
showed that the first photodiode at the input end was 
most severely damaged, and there was no observable 
damage for subsequent photodiodes. This confirms 
what is predicted by the theoretical model. The scan- 
ning-electron micrograph (SEM) of a failed device is 
shown in Fig. 11, in which the degradation of the 
MSM fingers is clearly visible. The technological limi- 
tation due to gold diffusion could be overcome using 
Pt/Ti/Pt/Au as the Schottky metal instead of TiIAu; in 
fact Pt has been proven to be better as a diffusion bar- 
rier for gold, besides having a higher Schottky barrier. 
Apart from technology improvements, the thermal and 
reliability properties of the device can also be improved 
by decreasing the size of the first detector (to reduce its 
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thermal-power dissipation), and by gradually increasing 
the size of the other MSM detectors, to achieve compa- 
rable or better quantum efficiency. A new design incor- 
porating such improvements is in progress. 

Fig. 11 SEMpicture ofjirst photodiode of failed VMDP 

A thermal-runaway analysis for velocity-matched dis- 
tributed photodetectors (VMDP) has been developed 
through the help of a coupled electrothermal-device 
model. The presence of temperature-activated degrada- 
tion mechanisms (above all in the MSM structures) 
suggests that thermal runaway can be assumed as a fair 
indicator of potential catastrophic failure. The electri- 
cal power level at which thermal-runaway occurs has 
been shown to be improved dramatically by the use of 
a distributed structure; moreover, higher power levels 
can also be achieved by increasing the number of MSM 
photodetectors, since failure has been shown to occur 
on the first (front-end) stage, where the maximum 
input optical power is detected. Also below thermal- 
runaway, VMDPs have been found to have high oper- 
ating temperatures, which are expected to be of con- 
cern in assessing device reliability. Diffusion of gold 
into semiconductor has been experimentally shown to 
be a major cause of catastrophic failure in actual 
devices. 
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