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The Back Gated MSM-

A Novel Approach To High-speed Opto-electronics 

Abstract 

Metal-semiconductor-metal (MSM) photodetectors are very attractive for application 

in high-speed opto-electronics. The response speed of an MSM is limited by the transit 

time of the slow holes between the contacts. In this report the concept of a novel 

photodetector is presented as a way to evereome this problem. The Backgated MSM 

(BGMSM) is a three terminal device based on the hybridisation of a GaAs MSM 

photodetector and a GaAs PIN photodiode. The device, which operates in the transit

time limited regime, suppresses the hole contribution to the high-speed response by 

using a backgating contact and hence increases the bandwidth. When the backgating 

contact is not connected, the device behaviour is expected to be similar to that of a 

standard MSM. This response is compared to the device response with backgating. To 

perferm high-speed measurements the device is excited with a 2ps laserpulse. The 

resulting high-speed electrical response is recorded with a sampling oscilloscope. The 

response of the device is studied under various bias conditions. When no backgating is 

connected, the device shows a slow response. When the backgating bias is applied, the 

device response becomes faster and double peaked. Although the device response is 

not fully understood, it is clear that it becomes significantly faster when a backgating 

bias is applied. 
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Chapterl. Introduetion 

Optica! fibre cornrnunications systerns have becorne increasingly important over the last 

few years. In such a systern the inforrnation souree provides an electrical signa! to a 

transmitter, which converts the electrical signa! into an optica! signa!. The transmitter 

cernprises an electrical stage which drives an optica! souree to give rnodulation of the 

lightwave carrier. This optica! souree that provides electrical-optical conversion rnay 

be either a semiconductor laser or light ernitting diode (LED). The transmission 

medium consists of an optica! fibre cable and the receiver consists of an optica! 

detector. The detector converts the optica! signa! received frorn the transmission 

channel into an electrical signa! using the process of photoexcitation of electron-hole 

pairs in the detector materiaL This electrical signa! can then be used for further 

information processing. Impravement of the characteristics and performance of the 

cornponents can thus result in an irnprovernent of the overall performance of the 

optical cornrnunications systern. 

It is clear that the op ti cal detector is one of the crucial elernents and it must satisfy very 

stringent requirernents for performance and cornpatibility. High sensitivity and large 

electrical response at the eperating wavelength is required in order to allow for a long 

transmission path. This results in reduction of repeater stations along the optical 

transmission channel and hence lower costs. The noise introduced by the detector 

should be low so that no errors occur in the detection of the output signa! by the 

auxiliary electronic circuit. The temporal response of the detector should be high in 

order to allow for high data rates on the transmission channel. PIN and avalanche 

photodiodes exhibit all these features and are at present the major device types. But in 

order to achieve high speed, a srnall device area is required, rnaking attachrnent to 

optical fibres not ideal. Another disadvantage is that the non-planar nature of PIN 

photodiodes cornplicates the rnonolithic integration in a high speed electrical circuit. 
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Metal-semiconductor-metal (MSM) photodetectors with interdigitated metal 

(Schottky) contacts on top of semiconductor material overcome these problems and 

they have been studied extensively over the last few years1 
'
2 

'
3

. They are very attractive 

for applications in optoelectronic receivers because of the high bandwidth and high 

quanturn efficiency. Their planar nature makes them suitable for monolithic integration 

in high speed electrical circuits. Due to the small capacitance per unit area the MSM 

can be of large area without sacrificing response speed. The response speed of the 

MSM is determined by the time it takes for the photoexcited carriers to be collected in 

the external electrical circuit. In GaAs MSM' s the transit time of the photoexcited 

carriers between the electrical contacts on the device determines the response time. As 

the holes are the slower carriers, the device response is limited by the hole drift 

velocity. 

One way to increase the device bandwidth due to the slow hole response is to reduce 

the carrier lifetime in the device with preserved responsivity by using low temperature 

(LT) GaAs4 
'
5 

'
6 

'
7

. Although the mechanism cantrolling the high speed response is not 

fully understood the response time is significantly decreased. When GaAs is grown at a 

low temperature, some excess Arsenic is introduced. These excess Arsenic atoms take 

over the lattice positions of the Gallium atoms thereby creating fast recombination 

centres. To increase the resistance and hence to imprave the on/off ratio, the LT GaAs 

is subsequently annealed. In the annealing process Arsenic clusters are formed. The 

Arsenic clusters are said to act as fast recombination centres. Due to non-radiative 

recombination however, the sensitivity is decreased. 

A new way to increase the device bandwidth is to suppress the slow hole contribution 

to the pulse response by using a backgated structure. Besides the two Schottky 

contacts on top of the semiconductor material, this device exhibits a third contact at 

the bottom. The hole current can be removed from the high speed circuit by biasing the 

third contact negatively with respect to the two top contacts. This was first studied by 

Döhler et al. 8 and Greger et al. 9 In this project a new backgated MSM (BGMSM) was 
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designed and studied. The device is based on the hybridisation of a GaAs MSM 

photodetector and a PIN photodiode. In this fi.rst stage a simple device structure with 

two n + Schottky centacts on the intrinsic region and a p + bottorn contact was adopted 

in order to study the underlying physical processes in this device. 

The BGMSM is fabricated in a clean room using wet-etching and metal deposition 

techniques. The device design and fabrication is discussed in chapter 2. To check the 

successfulness ofthe device fabrication, the current-voltage characteristics between the 

centacts are measured. In order to understand the temporal response of the device a 

good understanding of the electric pot~ntial distribution in the device is required. To 

obtain this description a two dimensional Poisson modeHing technique is used which is 

presented in chapter 3. This technique is based on an iterative method and the 

schematic results contribute much to the understanding of the response of the device. 

To measure the temporal response ofthe BGMSM a high speed test rig is used. In this 

set-up the device is excited by a 2 picosecend laser pulse and the electrical response is 

measured with a sampling oscilloscope. The experimental set-up is described in section 

4. The results of the measurements are presented in chapter 5, where it will be shown 

that the hole contribution to the electrical response can be suppressed when it Is 

backgated. Conclusions and further recommendations are given in chapter 6. 
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Chapter 2. Basic theory 

2.1 Introduetion 

The objective of this project was to design, fabricate and test an MSM type 

photodetector with a structure that allows for the suppression of the hole contribution 

to the high-speed electrical response of the device. In section 2.2 the structure and 

basic operation of an MSM photodetector is discussed. It will be shown that the high

speed response of the detector is limited by the hole drift velocity. Then the concept 

of the Backgated MSM will be introduced as a way to overcome this problem. The 

expected response of the BGMSM will be discussed in section 2.3. 

2.2 MSM photodetector 

A metal-semiconductor junction can be formed by bringing a metal into contact with 

a semiconductor1.2.J.4. This is usually done by depositing a thin metal layer onto a 

semiconductor substrate. The metal contact to the semiconductor can be either 

rectifying (Schottky contact) or non-rectifying (Ohmic contact), depending on the 

difference between the work functions of the metal and semiconductor. The work 

function rjJ is the energy difference between the Fermi level and the vacuum level and 

is in general different for metals ( r/J".) and semiconductors ( r/Jn or rft/ When the metal is 

brought into contact with the semiconductor the Fermi levels must equalise 

throughout the junction. This will result in a bending of the energy bands at the 

junction. 

In the case of a Schottky contact a potential harrier and a depletion region are formed 

at the junction under the condition that r/J". > rjJn for an n-type semiconductor or r/J". < rjJP 

for a p-type semiconductor. This is shown in figure la for an n-type semiconductor. 

Due to this potential harrier the contact will show rectifying (diode) behaviour, which 
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means that the current across the junction is high when it is forward biased and low 

when it is reverse biased. In the case of an Ohmic contact the conditions for the work 

functions are reversed ( rf>m < rf>n or rf>"' > rf>p respectively) and no depletion region is 

formed, whereas the barrier is very low and can be easily overcome by an external 

bias. The Ohmic contact is shown in figure lb for an n-type semiconductor. Another 

way to obtain Ohmic contacts is to incorporate donor atoms into the contact metal, 

thereby decreasing the depletion width at the junction. Ohmic contacts are used to 

conneet the active region of the device to an external circuit without altering the 

device behaviour and with a resistance that is as low as possible. 

A 
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Vacuum 
level 

......__+-'-::...J..---.,.-- Een 
--E~n 

~-----Evn 

-·- -J~~~- -·-·-·-·-·-·:e~·-·l-·-·-·- -·-· ~~~~urn 
E1m - 1 erpn 

___ ..... _-_-j-t--_-_-_-_-_-_-_-_ t 
-------E"" 

___________ Vacuum 

level 

-------Een 
E~m-------~ -------------~ 
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B 

Figure l.Metal-semiconductor(n-type) junction. a)Schottky contact b)Ohmic contact 

A standard MSM photodetector consists of a planar intrinsic semiconductor layer that 

has two back-to-back Schottky contacts on top. The Schottky contacts are usually 

interdigitated as shown in figure 2a and contact separations in the 25 nanometer range 

are obtainable5
• The use of interdigitated contacts leads to a faster response because 

of the decreased contact separation (as will be shown later), and to an increased 

responsivity because of a larger active area. When a bias is applied between the two 

contacts, one of the Schottky contacts will be reverse biased. The contacts can be 

designed such that when biased the depletion region in the semiconductor underneath 
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extends from one contact to the other, with the electric· field distributed uniformly 

between the contacts6
• 

!b) 

Figure 2. a) Schematic picture of an MSM photodetector. b) Energy band diagramwithand without 
bias. 

When the MSM is used as a high-speed photodetector the contact separation and the 

bias are chosen such that the semiconductor material between the Schottky cantacts is 

fully depleted. This is shown in figure 2b. When an optica! pulse is focused between 

the contacts, photoexcited carriers will be generated in this region and will eventually 

be collected at the contacts. The centacts are connected to an external electrical circuit 

where the response of the device is detected. There are three factors that govern the 

ultimate response speed of the detector: the drift time of the carriers between the 

centacts under influence of the electrical field, the diffusion time of the carriers that 

are generated outside the high-field region and the time constant of the device 

capacitance. 

The device response due to the carrier drift between the centacts is limited by the 

slower carrier type. The drift velocity is a function of the electric field7 
.s '

9 
'
10 as shown 

in figure 3. It is clear that at low fields the holes are the slower carriers. The carrier 

drift time between the Schottky cantacts can be expressed as: 
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w 
tdrijl =-

V drift 

( 1) 

where w is the contact separation and vdrift is the drift velocity of the slower carrier. 

When the electric field is not uniform the drift velocity is a function of the position in 

the device. It is possible to decrease the carrier transit time, and thus the device 

response time, by decreasing the separation between the contacts. However, the 

device capacitance increases with decreasing contact separation, which will ultimately 

limit the device bandwidth. Unless the carriers move at saturation velocity, increasing 

the bias between the cantacts is another way to decrease the carrier transit time. 
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Figure 3. Hole and electron drift veloeities as ajunetion ofthe electricfield. 

!J 

If all the photoexcited carriers are generated within the depletion region, the diffusion 

of the carriers plays a minor role. When the absorption is low however, the carriers 

can be generated in the zero or low field region in the substrate. Some of these 

carriers will reach the depletion region by the slow process of diffusion. The number 

of carriers that diffuse into the high-speed circuit depends on the lifetime ( or 

recombination rate) of the carriers and the absorption coefficient of the 

semiconductor. In GaAs the recombination rate can be enhanced artificially by using 

Low-Temperature grown GaAs or ion bombarded GaAs, which has the effect or 
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creating recombination centres. The disadvantage of ion bombarded GaAs however is 

the reduced responsivity. In most MSM's diffusion can be neglected because most 

carriers are absorbed in the depletion region. 

The device capaeitance depends strongly on the device structure. The planar structure 

of the MSM leads to very low capaeitances. The device capacitance can be estimated 

from the device structure and the electrical contacts6
'
11

• In genera!, the RC time 

constant is much smaller than the transit time of the carriers between the contacts. 

It can thus be concluded that the bandwidth of a standard MSM is limited by the 

carrier transit time between the contacts. Therefore it is important to look at the 

carrier drift veloeities more closely. In a standard MSM the electric field in the semi

insulating substrate below the Schottky cantacts decreases fast as a function of the 

depth. As drift veloeities of the electrans and holes are field dependent, the holes 

move very slowly in these low field regions, whereas the electrans move much faster. 

Investigations of the pulse response 12
'
13

'
14 show that electrans are collected quickly at 

the contacts, whereas holes cause a long tail in the device response which will limit 

the detector bandwidth considerably. 

2.3. Backgated MSM (BGMSM) 

As the holes deteriorate the response time, it is very desirabie to remove the hole 

current from the high-speed circuit. However, it is not possible to do so by using a 

standard MSM configuration because there are only two electrical contacts. An 

additional separate backgating contact at the bottorn of the active layer which can be 

biased negatively with respect to the Schottky cantacts seems a good way to achieve 

this15
• In this configuration there is a field component tangential to the surface 

between the two top cantacts and a field component normal to the surface between the 

two top cantacts and the backgating contact. The tangential field is similar to the field 
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present in a standard MSM. This field ensures the fast coneetion of carriers at the 

cantacts that are connected to the high-speed circuit. In the extemal circuit the device 

response between these cantacts is measured. The normal field component ensures a 

sufficiently high hole drift velocity throughout the active layer to separate the 

photoexcited carriers. The holes move towards the backgating contact and in this way 

the hole current is removed from the high-speed circuit. A schematic cross-section 

through the BGMSM is shown in figure 4a. The actual design and fabrication of this 

BGMSM will be discussed in detail in the next chapter. 

+ n n 

i 

p+ 

+ 

Re verse 
saturation 
current 

Forward 
current 

B 

V 

5.o w-5 

~ 0.0 trf 
::: 
(.) 

-5.0 w-5 

-LO 1o:'300 -200 -100 0 100 200 300 

bias (V) C 

Figure 4. a)Schematic cross-section through the BGMSM (GaAs). b)Typical diode I-V characteristic. 
c)Typical MSM I- V characteristic. 

In order to understand the behaviour of the BGMSM it is necessary to have a good 

understanding of the underlying physical phenomena. In the BGMSM the electric 

potential distribution is dramatically changed compared to a conventional MSM by 

the bottorn p+ contad 5
• Between either of the n+ top cantacts and the bottorn p+ contact 

the device structure is similar to that of a PIN diode. Therefore the current-voltage 

characteristic is expected to show diodic behaviour. A typical characteristic for a 

diode16 is shown in figure 4b. Between the two n+ top cantacts the structure is similar 

to that of two back-to-back Schottky cantacts and the current-voltage characteristic is 

expected to show MSM behaviour. A typical characteristic for an MSM17 is shown in 

figure 4c. To understand the motion of the photoexcited carriers in the device, it is 

very helpful to look at the electric potential distribution. In a steady-state situation 
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when no carriers are excited the electric potential can be obtained by solving the 

Poisson equation: 

( 2) 

where tjJ is the electric potential, p is the charge density in the depletion region and 

&,&
0 

the permitivity in the materiaL A two dimensional Poisson solver program was 

used to obtain a schematic representation of the potential distribution in a GaAs 

BGMSM with n+ top contact separatión of 1J..lm. The thickness of the n+, p+ and 

intrinsic layers are 1~tm. The Poisson solver is described in appendix 1 and the result 

is shown in figure 5, where biases applied to the contacts are indicated. In this 

schematic model the two top contacts are separated by intrinsic semiconductor 

material and not by air like in the real device. Also, the top contacts are assumed to be 

rectangular with the field distributed uniformly between them. Nevertheless, the 

picture contributes much to the understanding of the device response to 

photoexcitation. 

The carriers are generated in the intrinsic region between the n + top contacts. The 

electrons will then move towards the high potential region, whereas the holes will 

move towards the low potential region. When no backgate is connected, the electrons 

will move between the two n+ top contacts and will be collected in the high-speed 

circuit. The holes will move to the p+ bottorn contact under the influence of the built

in field. As the bottorn contact is not connected to an external circuit, the holes cannot 

be extracted and they will eventually influence the device response. The situation 

changes when both the backgate and bias between the top contacts are applied. The 

electrons will drift between the n+ top contacts and are collected in the high-speed 

circuit as is the case with a standard MSM. But now the holes move towards the 

backgating contact under the influence of a much higher bias field. Moreover, they 
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can now leave the device at the backgating contact. In this way the hole current can 

be separated from the high-speed circuit. 

25 

1.5 

potentlal [V] , 

Figure 5. Result of a 2D Poisson solver simulation. The electric potential distribution over a cross
section through the BGMSM fora backgating bias of0.7V and bias between the top cantacts of0.2V. 

The built-in voltage is taken into account. 

For suppression of the hole contribution to be efficient, it is necessary to ensure that 

the BGMSM operates in the transit-time limited regime. Therefore the diffusion and 

the RC time of the device need to be negligible. The absorption coefficient a.. in GaAs 

is approximately 16 4.106m·1 at an operation wavelengthof 580nm. The intensity of the 

light as a function of the penetration depth /0 in the device is given by: 

I(z)= 10 exp(-a z) ( 3) 

where z is the penetration depth in the layer. It follows that 98% of the incident light 

is absorbed within lf.lm of the surface. Assuming that the intrinsic region between the 

n+ cantacts is fully depletedit is clear that most carriers are absorbed in the depletion 

region. Hence, the diffusion of carriers is negligible. 
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The calculation of the RC-time of the device is far more complicated and thorough 

analysis is required. To obtain an indication of the RC-time we can use the simplified 
• 6 

expresswn : 

RC = (Rs+&)· &a&rS 
w 

( 4) 

where is R5 the resistance of the metal cantacts on the device, RL the resistance of the 

waveguide and coax cables that are used to conneet the device to the external circuit 

and S the cross-section of the region through which the current flows. In the worst 

case this value amounts to much less than O.lps (taking R5 =On, RL=50Q, &,=13.6, 

S=[l~Lm x 200~m], w=14~Lm). In this approximation only the part of the device 

between the two n + top cantacts is considered. Wh en the response of the BGMSM is 

measured in the high-speed set-up, only the response between the top cantacts is 

recorded. Therefore the device capacitance between the n + top cantacts and the 

bottorn p+ contact is not taken into account. This is the simplest approximation to 

obtain an in di cation of the RC time and the calculation is shown in appendix B. 

To know whether the RC-time can be neglected an estimate for the transit time of the 

electrans has to be made. From ( 1) the shortest possible transit time can be estimated 

using the smallest contact separation (14~Lm) and the largest drift velocity (2.105 m/s) 

yielding 70ps. Consictering that these are worst case estimations it can be concluded 

that the RC-time is negligible if only the part of the device between the top cantacts is 

considered to from part of the high-speed circuit. In this case response time of the 

BGMSM is expected to be limited by the transit time of the electrans between the two 

n + top contacts. 
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Chapter 3. Device design and fabrication 

3.1 Introduetion 

In the previous chapter it was shown that the bandwidth of the MSM is determined by 

the slower carriers (the holes) and that it is therefore very desirabie to remove the hole 

current from the high-speed circuit. The objective of this project was to design an 

MSM type photodetector with a backgating structure that allows for the suppression 

of the hole contribution to the high-speed electrical response of the device. Like a 

standard MSM, the device structure should also allow for planar integration in a high

speed electrical circuit. The designed BGMSM makes both backgating and planar 

integration possible. In the next sections the device design and eperation will be 

discussed. In order to perferm high-speed measurements the device has to be mounted 

onto an electrical waveguide, which is impedance matched to the electrical circuit that 

is used to measure the device response. This will be discussed in sectien 3 .4. 

3.2. Device design 

The designed BGMSM is a three terminal device based on the hybridisation of an 

MSM photodetector and a PIN diode. Figure 6 shows a schematic two-dimensional 

cross-sectien through the device. The figure clearly shows the layer structure of the 

wafer from which the device is fabricated. 

The up per half of the device above the dotted line is not unlike a standard MSM. Th ere 

are two physically separated n+ layers on top ofthe intrinsic layer (low doped n-type). 

On top of these n + layers there is a buffer layer which allows the fabrication of good 

Ohmic Au/InGeAu/ Au met al top contacts. As the two n + layers are heavily doped they 
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act as two back-to-back n+ -n· contacts onto the intrinsic region. Therefore, operation 

of the part of the device above the dotted line is similar to that of an MSM with two 

Schotdey contacts on top of an intrinsic GaAs layer. The material below the dotted line 

is p + with a buffer layer that allows to form a good atomically flat contact between this 

layer and the substrate. On the bottorn of the p + substrate a Au/ AuMg/ Au met al 

contact is deposited. This forms the third metal contact that acts as an Ohmic contact 

onto the p + region. Thus between either of the two n + top contacts and the bottorn p + 

contact a PIN diode structure is created. When the device is operated without back 

gating, a bias is applied between the two top n + contacts and the bottorn p + contact is 

left unconnected. The device is then expected to operate as a normal MSM. When 

operated with back gating the top n + contacts are at a positive voltage with respect to 

the bottorn p + contact and the device acts as a BGMSM. 

z 

~ .Au!InGeAu/Au me tal top cantacts 

~ GaAs n+ 50nm, 5·1018 cm·3 buffer layer 

~ GaAs n + lf.D11, 1·1018 cm·3 

GaAs p + 0.2f.D11, 5 ·1018 cm·3 buffer layer 

GaAs p + 5 00 f.D11 substrate 

Au!AuMg!Au metal bottam contact 

Figure 6. Cross-section through the BGMSM showing the layer structure. 

The major design consideration was to fully deplete the intrinsic region in which the 

photoexcited carriers are generated. This ensures a quick sweep-out of the carriers and 

hence a quick removal of the holes from the high-speed circuit. A PIN structure meets 

this requirement. Another design consideration was the enhancement of the device 

responsivity. As the n + top contacts are expected to show similar behaviour as 
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Schottky centacts onto the intrinsic region the traditional metallic top centacts can be 

replaced by centacts of n + GaAs. So the Ohmic centacts needed to conneet the device 

to the extemal circuit only have to be deposited onto two small areas of the n + layer 

(large enough to make the necessary connections). In this way interdigitated n+ top 

centacts can be designed. Another advantage of ha ving n + top centacts is that they 

allow transmission of incident light into the undei-lying intrinsic layer, whereas metallic 

top centacts reflect the light. This results in a higher device responsivity. 

3.3. Device fabrication 

In this first stage a BGMSM with two rectangular top centacts is fabricated. This 

simplifies the modelling of the electrical field distribution in the region between the 

contacts, as was discussed in chapter 2. Also the interpretation of the results of the 

high-speed measurements may be simplified by adopting a simple top contact structure. 

The device fabrication starts with a wafer that has the required layer structure. As 

mentioned before, this is the layer structure that is used in the device. From this wafer 

the material that is not desired in the device is etched away using a wet-etching 

technique, and metal deposition techniques are used to apply the centacts to the 

device. To do this a photomask is needed to indicate the regions that have to be etched 

away and where the metal has to be deposited. The photomask consists of a glass plate 

with the etching and metal deposition pattem in total reflective coating on top. This 

pattem was created at Central Microstructure Facility (CMF) using electron beam 

lithography technique. 

The device is fabricated in several stages and a simplified picture of the appropriate 

part of the photomask for each of the stages is shown in figure 7a. In this project a 

simple top contact structure design consisting of two reetangles with dimension 
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(200x100)J..Lm with rounded edges and separated at 10J..Lm, 20J..Lm, 30J..Lm, 40J..Lm and 

50J..Lm is put on the photomask. The round edges were designed in order to prevent 

high field regions. The two Ohrnic metal centacts are deposited on top of the n + 

reetangles and are circular with a diameter of 1 OOJ..Lm. This is the area that is required 

to conneet wirebonds to the contacts. The me sa with the rectangular n + top cantacts 

on top is circular with a diameter of 440J..Lm. This was done from a symmetry point of 

view and is used as standard in this research group. Some of the interdigitated top 

contact designs are shown in appendix C. As mentioned before, an interdigitated top 

contact structure can be used to increase the bandwidth and responsivity. 

Unfortunately, the photomasks for this structure could not be designed due to limited 

facilities. The fabrication cernprises the following steps and some steps are shown in 

figure 7b: 

1. Firstly, the metal centacts that will become the top centacts of the device are 

deposited on top ofthe n+ layer ofthe wafer. To do this the wafer is first spincoated 

with a layer of positive photoresist (OCG Microelectronics: BPRS 150). Then the 

photomask is used to illuminate the area where the metal centacts must be 

deposited with ultraviolet light. This has the effect that the photoresist can be 

removed from this area using a developer, whereas the rest of the wafer remains 

covered. Then three metallayers with composition Au/InGeAu/Au (500/600/2000 

Á) are deposited on the uncovered area ofthe waferin a vacuum chamber. After the 

deposition of the metal the remaining photoresist is removed using an acetone 

solution. These metal cantacts are then diffused into the n + material in an annealing 

furnace to form the Ohmic centacts (5 seconds at 450°C). 

2. Then the area surrounding the n+ top centacts must be etched away down to the 

intrinsic region. This will leave the two n + cantacts on top of the remaining waf er 

layers (with Ohmic centacts on top of them). To achieve this the wafer with the 

metal centacts is again coated with photoresist, but now the area that has to be 

etched away is exposed to UV light using the photomask. After removing the 

Chapter 3. Device design and fabrication 22 



The Backgated MSM. a navel approach to high-speed opto-electronics 

photoresist from the area surrounding the n + top contaets the wafer is immersed in 

an etching solvent (sulphuric acid I hydrogen peroxide I deionised water) for the 

period needed to etch away the n + top layer surrounding the n + contacts. To 

determine the etch depth the wafer is firstly etched for a period shorter than needed 

to etch away the entire layer. This period depends on the concentratien of the 

etching solvent. Then the etch depth is measured using a profile measurement 

device (Alphastep ). From this measurement the time needed to etch sufficiently 

deep is estimated and confirmed after the etching. 

3. Then the area surrounding the mesa must be etched away. This leaves the PIN 

device structure on top of the remain_ing p + substrate. This is the same procedure as 

used for etching the n + top contacts, but now the photomask is used to leave the 

mesa covered with photoresist when the wafer is immersed in the etching solvent. 

4. The metallisation of the bottorn contact is the next stage. Now simply the entire 

bottorn of the substrate is metallised. Therefore no photomask is needed for this 

stage. To form the Ohmic bottorn contact three metal layers with composition 

AuiAuMg/Au (500160012000 Á) are deposited in the substrate in a vacuum 

chamber. To form a good Ohmic contact the metal is diffused into the p + substrate 

(5 seconds at 350 °C) in an annealing furnace. 

5. Now the device structure is formed and the remaining substrate surrounding the 

mesa is cleaved off along the crystallographic axis of the substrate materiaL What is 

left is the actual device. 

It is clear that in each of the fabrication stages the alignment of the relevant part of the 

photomask with the wafer from which the device is fabricated is of major importance. 

The subsequent set of alignment masks at each stage needed to achieve this is shown in 

figure 7c. As can be seen, the alignment mark that results after the first processing 

stage (metallisation) can be used to align the photomask with the wafer for the second 

stage (first etching). After the second stage the shape of the alignment mark will be 

altered due to the etching, but its position remains the same. Therefore it can be used 
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to align the photomask with the wafer for the third stage (second etching), after which 

there is no more need for alignment marks. However, the remaining alignment mark 

pattem can be used as a final check for the alignment during the device processing. To 

monitor the resolution of the fabrication stages a set of resolution marks can be used. 

The mask set for these consists of a series of lines with a spacing and width of 2J..I.m 

used to deposit and etch these patterns in each stage. The mask is such that the 

patterns created at the different stages do not overlap. Unfortunately the resolution of 

the etching and deposition methods was lower than the resolution of the marks. A way 

to avoid this problem would be to u se a set of lines with different widths and spacing. 

~ 
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Figure 7. a) Picture ofthe photomask. b)Device fabrication stages cJPieture of a/ignment marks and 
resu/ting pattern. 

Due to the wet etching techniques the final dimensions of the device are slightly 

different from the design on the photomask. As a result three devices with n + contact 

separations of l4J..I.m, 26~Lm and 36J..1.m were used to perform high-speed measurements 

on. One of the fabricated devices is shown in tigure 8. The wirebonds are clearly 
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visible. This picture was obtained usmg an scanrung electron rrucroscope (SEM) 

imaging technique. 

Figure 8. SEM picture ofthe device (top view). 

3.4. Coplanar waveguide 

In the high-speed measurements that are performed, the device is optically excited with 

a 2 picosecend laser pulse. The device electrical response to this pulse is expected to 

be a few hundreds of picoseconds. When this ultrashort electrical impulse is recorded 

in an extemal electrical circuit, impedance matching is essential in order to prevent 

unwanted reflections. Therefore, it has to be mounted onto an impedance matched 

electrical waveguide1 
'
2 

'
3 as shown in figure 9a. The waveguide consists of a set of 

coplanar Ti/Au (0.2j . .unl2~-tm) metal waveguides deposited on a GaAs wafer of 

5xl0mm using the deposition technique mentioned above. The width ofthe two inner 

tracks is 50~-tm and the outer tracks are 200~-tm wide. The spacing between the inner 

and outer tracks is 25 ~-tm, and the length of the tracks is 1 Omm. This contiguration is 

such that the impedance of this waveguide approaches 50 0 3
, which equals that of the 
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external electrical circuit. The inner tracks of the waveguides carry the electrical signal 

from the device to the external circuit. The gap between the inner tracks of the 

waveguide is equal to the n + contact separation of the BGMSM that is wirebonded to 

the centre tracks and it is in the middle of the waveguide. 

To perform high speed measurements on the BGMSM a standard two-terminal 

waveguide connected to the n +top contacts, with an additional terminal for the bottorn 

p + contact is required. As this third contact is needed only to apply a constant 

backgating bias to the BGMSM there is no need to integrate this contact into the high

speed waveguide configuration. Therefore the configuration shown in figure 9a is 

adopted, where the device is mounted onto a Ti/Au (0.2~-tml2~tm) strip connected to 

the bottorn p + contact. This met al strip is deposited onto the GaAs waf er at the same 

time as the waveguide and it is possible to contact to this metal strip electrically. The 

strip is connected to a separate backgating contact using conducting paint. The two n + 

top contacts are connected to the high-speed waveguide using gold wirebonds with a 

length of typically 1. 3 mm. As can be seen from the figure, the two n + top contacts are 

connected to the inner tracks and the outer tracks provide the required impedance as 

mentioned before. It should be noted however that the impedance matching criteria are 

notmet at these contacts when the wire bonds are used. To conneet the device to the 

external circuit, the wafer that holds the device and the waveguide is mounted onto a 

plastic (PTFE) sample holder in such a way that the ends of the waveguide on either 

side coincide with the edge of the holder. This is shown in figure 9b. To contact the 

waveguide tracks to standard SMA connectors, the ends of the striplines are tapered 

with preserved aspect ratios between the track widths and separation. The preservation 

of the aspect ratio is necessary to keep the impedance of the waveguide at 500. The 

SMA connectors are mounted to the edges of the sample holder such that the 

waveguide is contacted on either side to the coaxial cables that provide the 

connections to the high speed electrical circuit. The inner tracks of the waveguide are 

connected to the core of the SMA connector by means of physical contact. The outer 
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tracks of the waveguide are connected to the outside of the SMA connector by means 

of conductive paint. The SMA connector is then connected to the coaxial cable. The 

experimental set-up that is used to measure the high-speed electrical response of the 

BGMSM is presented in chapter 4. 

As the Til Au striplines form Schottky cantacts onto the GaAs substrate, it is clear that 

the waveguide itself can also be used as an MSM photodetector with the same contact 

separation as the device. It must be noted however that the response of this MSM is 

likely to be influenced by the wirebonds to the BGMSM. 

Wavcguide500hm 

Schematic picture 

SUilSTRATE 

SEMpicture 

Figure 9. a) Picture ofthe electrical conneetion ofthe device to the waveguide using wirebonds. 
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PTFE Block 

SMA 
Holding 
Screw 

Figure 9. b)The sample holder used to contact the waveguide to the SA1A connectors. 
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Chapter 4. Experimental set-up 

To obtain a good understanding of the BGMSM it is necessary to concentrate on the 

electrical characterisation and on the high-speed electrical response of the device under 

various bias conditions. As the BGMSM was designed to demonstrate a methad of 

suppressing the hole contribution to the device response, the high-speed measurements 

will be discussed in great detail. 

It is important to perfarm the electrical characterisation of the BGMSM befare 

completing high-speed measurements. Firstly, because the device must operate in the 

expected way and secondly to determine which biases can be applied between the 

device contacts. The device is expected to show an MSM characteristic between the 

two n + top cantacts and a PIN diode characteristic between either of the two n + top 

cantacts and the bottorn p + contact. The device must be operated under reverse bias, 

because then the difference between the dark current and the current under illumination 

is most accurate to measure. If the reverse bias is too high however, breakdown will 

occur and this situation is not desired. It is therefore important to determine the 

voltage at which breakdown occurs. To obtain the electrical characteristics of the 

BGMSM a curve tracer (Tektronix 577) was used to obtain the current-voltage (I-V) 

characteristic. The two n + top cantacts of the device can simply be connected to this 

I-V tester via the SMA connectors and the bottorn p + contact via the separate 

backgating contact. The absolute value of the maximum voltage over the two cantacts 

can be set. Then, the current will be displayed on a fluorescent screen as a function of 

the voltage in a range between the minimum and maximum value. As a result an I-V 

characteristic is obtained which can then be photographed from the screen. The device 

I-V characteristics will be shown in figure 13 in chapter 5. 
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The experimental set-up used to measure the high-speed electrical response of the 

BGMSM to the op ti cal excitation with a short laser pul se is shown in figures 10 and 

11. Figure 10 shows part of the set-up used to focus short laser pulses onto the device. 

A mode locked (acousto-optic modulator) frequency doubled Nd: Y AG laser (1 OOps 

pulses) was used to synchronously pump a double jet dye laser. A 2 picosecond pulse 

was generated at a repetition rate of 78MHz at a wavelength of 580nm. The pulse 

width is measured using an autocorrelator and a monochromator is used to measure 

the wavelength. The wavelength emerging from the dye laser depends on the dye 

(R6G) that is used. To confine the frequency range ofthe laser radiation a birefringent 

filter is placed in the beam path. It also aJlows tuning ofthe laser in the range of 550nm 

to 610nm. In the experiments a wavelengthof 580nm was used because the laser has 

the highest output power at this wavelength. The laser beam is then focused onto the 

device using an optica! system comprising a microscope objective. The opties consist 

of a series of mirrors, irises and lenses that are used to direct the beam and to keep the 

beam diameter small along the optica! path. A CCD camera and a light souree are used 

to detect the position and the focusing of the laser spot on the device. The device is 

mounted on a micro positioner which allows movement of the device in three 

dimensions. The advantage is that it is possible to focus the laser beam accurately at 

the desired position on the device and the spot size imposed the only limitation on the 

selection of spot positions. The optica! power at the device is measured with an optica! 

power meter, which is placed between the device and the laser beam. 

The high-speed measurements are partially computer controlled. The electrical 

response of the BGMSM to the train of short optica! pulses was measured with a high

speed sampling oscilloscope (Tektronix S4 25 picosecond rise time). The sampling 

oscilloscope is triggered with the laser cavity dumper driver, which in turn is 

synchronised by the mode locker of the pump laser. The trace on the oscilloscope can 

be sampled point by point with an AID converter and these datapoints are stored into a 
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datafile on the PC. The response is recorded over 300 datapoints and averaged three 

times. 

ren10vable 

Nd:YAG Pump laser Dye laser 

Power supply 

i----------------------------- CCD Camera 
1 
I 

/ 

Lock-in amplifier 

Dsampling 
Oscilloscope 

I------------------------------------------! • _____________ X!_i!,;~-~~e~~ ~~~t:i~ _________________ ~ 

Figure 10. Experimental set-up. 

The electrical arrangement used to measure the high-speed response of the BGMSM is 

shown in tigure 11. As the two n + top centacts are connected to the inner tracks of the 

waveguide, it is possible to apply a bias between them via the SMA connector. One 

top contact (which is connected to one of the two inner tracks of the waveguide) is 

connected to the high voltage side of a power supply using a coaxial cable of one 

meter length. The other n + top contact is connected to the sampling oscilloscope via 

the other inner track and a coaxial cable of one meter length. The oscilloscope has an 

input impedance of 500.. The earth lines of the waveguide ( which are connected to the 

shielding of the coaxial high speed cables) are connected to the low voltage si de of the 
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power supply. This low voltage si de is grounded. To backgate the bottorn p + contact 

with respect to the n + top centacts no high-speed circuit is required. Therefore a 

separate power supply is used to bias the bottorn p + contact negatively with respect to 

earth. No coaxial cable is used to do this. 

Couial cable 

Waveguide 50 Ohm 

SUBSTRAlE 

+ 
Power supply 
bcn:kgating bias 

D 
Sampling 
Oscilloscope 50 Ohm 

Figure 11. Part ofthe high-speed set-up used to measure the electrical response ofthe device. 

The bias voltage between the two n + centacts can automatically be varied over a set 

range of voltages using the computer. Thus, it is possible to automatically record the 

device response for a range of bias voltages between the two n + top centacts at a fixed 

value of the backgating bias, optical power and spot position. The backgating bias and 

the spot position can be set manually. The laser spot is focused in the gap between the 

two n + centacts and the spot size at the device is approximately 1 O!J.m aft er 

optimisation of the op ti cal system. The op ti cal power can be varied by inserting neutral 

density filters in the path of the laser beam. The high-speed response of the device as a 
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function of the bias between the n +top contacts, backgating bias and optical power will 

be presented in chapter 5. 

As mentioned before, it is important to prevent impedance mismatches at all the 

contact interfaces between the device and the sampling oscilloscope. If there is an 

impedance mismatch somewhere along this transmission line, reflections from the 

electrical pulse can propagate in the circuit and will be recorded with the sampling 

oscilloscope. The propagating modes in a coplanar waveguide are in general different 

from the modes in a cylindrical waveguide, i.e. a coaxial cable. Also, impedance 

matching at the interface between the coplanar waveguide and the coaxial cable cannot 

always be guaranteed (because this depends critically on the waveguide design). In this 

particular configuration where wirebonds are used, an impedance mismatch is likely to 

occur at the interface between the wirebonds and the waveguide. Therefore, it is 

possible that reflections along the transmission line occur. To check whether this is the 

case a time domain reflectometry (TDR) measurement can be performed1
. To do this 

a Tektronix 7Sl2 TDR/Sampler is used. A square pulse from a pulse generator 

(Tektronix S-52) with a 35ps rise time and 2~ts length is sent along the transmission 

line, and the reflection that occurs from a load impedance at the end of the 

transmission line is measured with a sampling unit (Tektronix S-6). If the load 

impedance IS 50Q no reflection from the end of the line will occur. If the load 

impedance lS higher Or lower than 50Q a reflection with a positive Of negative 

amplitude respectively will be measured. This is shown in figures 12a and 12b. 
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Figure 12. Rejlected putse in TDR measurement. a)Negative rejlection p=-1. b)Positive rejlection 
p=+l 

Todetermine the impedance ofthe waveguide a load with a well known impedance Zo 

is connected to the end of a coaxial cable and the amplitude of the reflection p is 

measured. Then the waveguide with the device is connected to the cable and again the 

amplitude of the reflection is measured. From this measurement the impedance of the 

waveguide with the device Z can be determined using: 
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1 Instruction manual 7Sl2 TDR/Sampler, Tektronix, Inc., P.O. Box 500, Beaverton, Oregon 97005 
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Chapter 5. Results 

The final measurements have been performed on three devices with n + top contact 

separations of 14)lm, 26)lm and 36)lm. As mentioned before, the contacts are 

rectangular with dimension 100x200)lm. The BGMSM with the 26)lm gap has been 

studied in great detail, whereas the two other devices have been studied in order to 

obtain a comparison of the results. Most important was to investigate the origin of the 

observed double peak response, which will be discussed in great detail. 

The I-V characteristics of the 26)lm gap device are shown in figure 13, and the two 

other devices show similar behaviour. As can be seen the BGMSM shows a clear 

diodic behaviour between either of the two n + top contacts and the bottorn p + contact. 

This is in agreement with the expected behaviour, because between either of the two 

n + top contacts and the bottorn p + contact the device acts as a PIN diode. A typical 

PIN diode characteristic was shown in tigure 4b (Chapter2). The turn-on and 

breakdown voltages are determined as well. For the 26~tm gap device the turn-on 

voltages are determined to be 0. 8V between either of the two n + top contacts and the 

bottorn p+ contact. The breakdown voltages are determined to be 23V and 24V 

depending on which contact is used. The other two devices show similar values. 

Between the two n + top contacts an MSM characteristic is found. A typical MSM 

characteristic was shown in figure 4c. This is also in agreement with the expected 

behaviour. For the 26)lm gap device the breakdown voltages are determined to be -

24V and 24V. From these current-voltage characteristics it can be concluded that the 

device behaviour in steady state is in agreement with the design objectives. The 26)lm 

gap device has the highest breakdown voltage and its I-V characteristics are most 

symmetrical. Therefore this device has been selected to perform detailed high-speed 

measurements on. 
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Figure 13. 1-V characteristics ofthe 26j.1111 gap. device and the corresponding turn-on and breakdown 
voltages. a)n +contact- p +contact. b)Other n +contact- p +contact. c) n +contact- n +contact. 

To study the efficiency of the hole suppression mechanism the response of the 

BGMSM should be compared to the response of an MSM with similar dimensions. As 

mentioned before, the waveguide itself can be considered as a standard MSM with the 

same gap as the contact separation of the device that is connected to it. But because 

wirebonds are used to form electrical connections from the BGMSM to the waveguide, 

reflections at these cantacts and hence non-ideal behaviour of this MSM can be 

expected. Measurements of the response of this MSM indeed showed that reflections 

largely influenced its response to optical excitation. This problem can be overcome by 

using the same waveguide, but without a BGMSM connected to it. With this MSM 

(waveguide) no reflection from the wirebonds can be expected. However, a 

comparison between the response of this MSM and the BGMSM is very difficult for 

similar reasons. Although the BGMSM is connected to an impedance matched 

waveguide, the actual wirebonds that conneet the BGMSM to the waveguide are 

expected to cause an impedance mismatch. Therefore it is difficult to interpret a 

comparison between the response of the BGMSM to that of any standard MSM that is 

not in the same way electrically connected. 
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When the device is not backgated however (i.e. the p+ contact is not connected), the 

BGMSM is expected to operate as a normal MSM. This was discussed in chapter 2 

and the I-V characteristics between the two n + top cantacts in figure 13 that show 

MSM behaviour confirm this assumption. Therefore, in order to study the efficiency of 

the hole suppression mechanism it is best to cernpare the response of the device with 

backgating to the response with no backgating connected. In this way the high-speed 

electrical connections are the same in both series of measurements. Another advantage 

is that laser spot position can be exactly the same for the two measurements. 

The device response to the 2ps laser _pulse has been measured under various bias 

conditions and optical power levels. Firstly, the device response was measured when 

the backgating was not connected. This is the mode in which the device is expected to 

operate as an MSM. Figure 14a shows the response of the device with a contact 

separation of 36~tm as a function of the bias voltage between the two n + top contacts. 

This was done only for one fixed optical power level. lt is clear that the amplitude of 

the response increases with increasing bias and that this increase is largest at low bias 

voltages. Also, the FWHM and the rise time of the response decrease with increasing 

bias. The other devices show similar behaviour. A remarkable feature is the 

development of some structure at the beginning of the response for both devices. This 

structure becomes more pronounced when the bias is increased. The perturbation takes 

place on a timescale of approximately 350-400ps, which is much smaller than the 

overall response time. The possible mechanisms that could account for this double 

peak response are a separation of the electron and hole contribution to the device 

response (first peak and secend peak respectively), or reflections ofthe electrical signal 

in the circuit. Both mechanisms will be discussed in detail in the next chapter. 
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Figure 14. Device response (36f111l gap) as ajunetion ofthe bias betweenthen +top contacts. No 
backgating is connected. 

Next the response was recorded when the backgating was connected. A power supply 

was connected to the bottorn p + contact to apply the bias. As mentioned before, this 

backgating contact is not incorporated into the high-speed electrical circuit. Figure 15a 

shows the 36!-lm device response for OV backgating bias (but with backgating 

connected) with the top contact bias set to 1 OV. As can be seen from the figure the 

response of the device is very different from the response when no backgating is 

connected. Figures 15b and 15c show the device response with 1 OV bias between the 

top contacts, but now with backgating biases of 4V and IOV respectively. As a 

comparison figure 15d is included, which shows the same response as figure 14 but 

only for 1 OV bias. It is clear that the backgating bias has a large influence on the 

response of the device. It is clear that the response becomes double peaked. The 

separation of the two peaks is in the range of 3 50-3 70ps, which is in the same range as 

the time scale of the perturbation that was observed when no backgating was 

connected (figure 14). 
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In the following measurements the purpose was to get a good understanding of the 

observed pulse shape. Therefore measurements of the response under various bias 

conditions were needed. The measurements turned out not to be reproducible, as can 

be seen from figure 16 which shows an identical measurement at a later time of the 

response of the 3 6J.1m gap device. In this figure, the response of the device with 1 OV 

bias between the top centacts and no backgating connected is compared to the device 

response with 1 OV bias between the top centacts and 1 OV backgating bias. It can be 

seen that the second peak is more pronounced in this measurement in comparison with 

the earlier measurement shown in figure 15c. Note also that a third peak can be 

observed at 900-1 OOps separation from the first peak. 
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Figure 15. Response of36J.11n gap device with 10V bias between the n+ top contacts. The backgating 
is connected. a)OV backgating voltage. b)4V backgating voltage. c)10V backgating voltage. d)10V 

bias between top contacts, no backgating conneeled (same as flgure 1 4). 
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Figure 16. identical measurement at a later time ofthe 36;.on device response showing that the result 
is nat exactly reproducible. Bias between the n + top cantacts is 1 OV Open circles: 1 OV backgating, 

closed circles: no backgating connected. 

Then the response of the 26~tm gap device was studied. As mentioned before, this 

device was selected to perferm more measurements on. Figure 17a shows the response 

for OV backgating bias (but with backgating connected) with a bias between the top 

centacts varying from OV to lOV. Figures 17b and 17c show the device response with 

the bias between the top centacts also varying from OV to 1 OV, but now with 

backgating biases of 4V and 10V respectively. Again, it can be seen that the device 

response is influenced by the backgating bias. This is shown more clearly in figure 1 7 d 

where the bias between the top centacts is set to 1 OV and the backgating bias varies 

from OV to 1 OV. The device shows a similar response as the 36~m gap device, and 

again the second peak is more pronounced than in the first measurements shown in 

figures 15a to 15c. 

Chapter 5. Resztlts 42 



450 

350 
> 
E 
l1l 
V> 250 
c 
0 c. 
V> 
l1l 

IX 150 

50 

-50 

A 

450 

> 
E 350 

l1l 
V> 
c 
0 
~ 250 
l1l 
IX 

150 

50 

~50 

c.. 

The Backgated MSM, a novel approach to high-speed opto-electronics 

450 450 450 

--+-ov bias, Q.P. 8.3mW --+-DV bias, Q.P. 8.tmW 

---e-sv bias, Q.P. 8.3mW 
--(!)--4V bias, Q.P. 8.tmW 

350 350 --&-tOV bias, Q.P. 8.tmW 350 

........!il.-tOV bias, Q.P. 8.tmW 
> 

250 
E 

....... 250 250 
l1l 
til 
c 
8. 

150 til 150 

~ 
150 

50 50 50 

-50 -50 -50 

0 500 1000 1500 () 500 1000 1500 

Time/ps a Time/ ps 

450 450 
450 

-*-ov bias, Q.P. s.smw -+--OV backgating 
---o--4V backgating 

--9-sv bias, O.P. e.amw 350 350 _, OV backgating 350 

0 

---&-tov bias, Q.P. 7.tmW > 
..ê 250 250 
l1l 
til 
c 
0 
Q. 

150 
til 

150 l1l 
Cl~: 

50 50 

-50 -50 
500 1000 1500 0 500 1000 

Time/ ps p 
time/ ps 

Figure 17. Response of 26 f..iin gap device as a function of the bias between the n + top contacts. The 
backgating is connected. a)OV backgating voltage. b)4V backgating voltage. c)10V backgating 

voltage. d) 1 OV bias between top contacts, varying backgating bias. 

From the measurements it is clear that the response of the device changes dramatically 

when the backgating is connected. This is in agreement with the expected device 

behaviour due to the backgating contact. As in the case where no backgating is 

connected, the amplitude of the response increases as a function of the bias between 

the top contacts. However, there are two major differences between the device 

response with and without backgating. Firstly, it should be noted that there is a 

structure on the pulse response. Two distinct peaks can be observed which were not 
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predicted by the theory. Secondly, the device response speed to the laserpulseis much 

faster when the backgating is connected as can be seen from figures 15 and 16. Even 

though the device response seems to consist of two peaks, the overall response time is 

much smaller. 

Because the crigin of this secend peak was not understood, a closer ob servation of this 

phenomenon was necessary. Firstly, the electrical connections from the device holder 

to the external circuitry were checked. Changing the connections did not alter the 

device response significantly. The next step was to check whether the double peak 

response could also be observed in oth~_r devices. This appeared to be the case, but it 

must be mentioned that the pulse shape could not exactly be reproduced. Then the 

separation between the peaks, the peak heights and the ratio between the peak heights 

was measured as a function of the bias between the top contacts, the backgating bias 

and the optical power. This was necessary to determine whether the double peak 

phenomenon represents the intrinsic device response or whether it is caused by 

unwanted reflections in the electrical circuit. All these measurements were performed 

on the 26j.lm device. The results are obtained from a measurement series where the 

optical power and spot position were kept constant. A selection of responses from this 

measurement series was shown in figure 17. 

Firstly, the backgating bias was set to OV and the bias between the top cantacts was 

varied. This was done at a fixed value ofthe optical power. In figure 17a it can be seen 

that the amplitudes of both the first peak and the secend peak increase as a function of 

the bias between the two top contacts. But it is interesting to see how the amplitudes 

exactly change and this is shown in figures 18a and 18b. It can beseen that the increase 

of the first peak as a function of the bias is larger than that of the secend peak. In 

figure 18b the ratio between the first and the secend peak is shown and it is clear that 

the ratio increases from 1.05 to 1.65 at 10V bias. The separation between the two 

peaks as a function of the bias is shown in figure 18c. Because of the large 
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measurement error (25ps) there seems to be no clear correlation between the 

separation of the two peaks and the bias between the top contacts. The average 

separation is approximately 360ps. 
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Figure 18. Behaviour ofthe two peaks as ajunetion ofthe bias between the top contacts. Backgating 
voltage OV. a) Normalised amplitudes ofboth peaks, c/osed circ/es: flrst peak, open circ/es: second 

peak. b) Ratio between amplitudes ofthe two peaks. c) Temporal separation ofthe two peaks. d) 
FWHM oftheflrst peak. 

Chapter 5. Results 45 



A 

c 

The Backgated MSM, a navel approach to high-speed opto-electronics 

The same analysis was performed for the measurements with 1 OV backgating bias. The 

results are shown in figures 19a, 19b and 19c. The difference between these results and 

the results for OV backgating bias is that now the first peak becomes much higher as a 

function of the bias between the top contacts. Also, the amplitude of the second peak 

increases. From figure 19b can be seen that the ratio between the two amplitudes 

hardly changes and varies between 1.67 and 1.96. It must be noted that this ratio is 

higher than for the case when the backgating bias is set to OV. Again, the temporal 

position of the second peak with respect to the first peak remains roughly constant at 

350ps within the measurement error as can beseen from figure 19c. 
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Figure19. Behaviour ofthe two peaks as ajunetion ofthe bias between the top contacts. Backgating 
voltage 1 OV a) Normalised amplitudes of bath peaks, closedei re/es: first peak, open circ/es: second 

peak. b) Ratio between amplitudes ofthe two peaks. c) Temporal separation ofthe !wo peaks. d) 
FWHM ofthe first peak. 
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Another interesting ob servation is the FWHM of the first peak as a function of the bias 

between the two top contacts. This was not done for the second peak, because it was 

not possible to measure this directly at low biases. From figure 19d it can be seen that 

the FWHM hardly changes as a function of the bias between the top cantacts when the 

backgating bias is set to 1 OV. When the backgating bias is set to OV however, the 

FWHM decreases considerably as can be seen in figure 18d. At this backgating bias, it 

was not possible to determine the FWHM of the first peak at biases lower than 6V 

between the top contacts. 

The results of the measurements show that the peak heights depend not only on the 

bias between the top cantacts but also on the backgating bias. To show this more 

clearly, the ratio of the amplitudes of the two peaks are shown as a function of the 

backgating bias in figures 20a and 20b. In these measurements the bias between the 

two top cantacts is kept constant at 1 OV. As can be seen from figures 20a to 20d, the 

amplitude ratio of the first and second peak, the temporal separation between the two 

peaks and the FWHM of the first peak hardly change as a function of the backgating 

bias when the bias between the top cantacts is set to 1 OV. 
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Figures 21a to 21c showtheresult when the bias between the topcontactsis set to OV 

and the backgating bias is varied. As can be seen from tigure 21 b, the amplitude ratio 
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increases from 1.05 to 1.87 when the backgating bias is iricreased, whereas there is no 

clear correlation between the peak separation and the backgating bias. Now, the 

FWHM ofthe first peak decreases considerably from 250ps to 130ps. 
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Finally the dependenee of the peak heights on the optical· power of the laser pulse is 

studied. Figures 22 to 22 show (respectively) the amplitudes of the two peaks 

normalised to the optical power, the ratio of the amplitudes of the two peaks and 

temporal separation between the two peaks as a function of the optica! power. The 

bias between the top centacts and the backgating bias are kept constant at 1 OV It can 

be seen that the normalised response decreases with increasing optica! power, 

indicating that saturation effects play a role. The ratio between the peaks and the 

temporal separation show no clear correlation to the optical power. 

I 0 

A 

• 

e Response/Power 1 imV/mWJ ~ ou 

0 AesponsetPower 2 JmV/mWJ I 70 

I:: 
• t•o 

tJ() 
0 i 20 

• 
0 

0 

I 0 

15 20 25 JO 35 40 

9 r-.------------ 1.9 

j 
J.St 

j 
j 

I:T 
~ 1.6~ 

" . ~ 

• 

• 
• 

c -t 1 s 

-t ! 7 

-- !.ó 

L 
~l.5 

1.-1 -'-i~~..;........---.,.~~~-+-,..~....,--"~-- 1.-1 

10 20 
Optica! Power I mW 

50 JO -10 

B Optica! Power I m W 

385 :;---------------- 385 

38 0 l ~ 
" • -t 380 
J E 

375i "]:"375 
~ r 

370 t • _.;:. 370 

E 
R 365 ~ • ~~ 365 
~ 1 
Jl 360 + ~ 360 

,§ 355 ~ • Jt 355 

350 j-e • 350 
~ 

345 l ' ' ' I ... ' I ' ' ' I ' ' ' i ' ' ' i ' ' ' i ' ' ' • ' ' ' ' 345 
0 IQ 15 20 25 30 J5 -10 

C Optical Power I m W 

Figure 22.Behaviour ofthe two peaks as ajunetion ofthe optica/ power. Bias between the top 
cantacts 1 OV, backgating bias 1 OV. a) Normalised amplitudes, closedei re/es: first peak, open 

rectangles: second peak. b) Ratio between amplitudes ofthe !wo peaks. c) Temporal separation. 

Chapter 5. Results 50 



The Backgated MSM, a navel approach to high-speed opto-electronics 

In summary, the following features ofthe device response are observed: 

• The response of the device becomes faster when it is backgated. 

• The response ofthe device becomes double peaked when it is backgated. 

• The response of the device is not exactly reproducible and earlier measurements 

showed a secend peak that was much smaller in amplitude than the first peak. 

As a function of the bias between the n + top contacts: 

• The amplitudes ofboth peaks increase . 
. 

• The ratio between the amplitudes mcreases at OV backgating bias but hardly 

changes at 1 OV backgating bias. 

• No correlation between the FWHM ofthe first peak and the bias at IOV backgating 

bias. 

• Decreasing FWHM ofthe first peak as a function ofthe bias at OV backgating bias. 

• No correlation between the temporal separation ofthe two peaks and the bias. 

As a function of the backgating bias: 

• The amplitudes ofboth peaks increase. 

• The ratio between the amplitudes increases at OV bias between the top centacts but 

hardly changes at IOV bias between the top contacts. 

• No correlation between the FWHM ofthe first peak and the backgating bias at IOV 

bias between the top contacts. 

• Decreasing FWHM of the first peak as a function of the backgating bias at OV bias 

between the top contacts. 

• No correlation between the temporal separation of the two peaks and the 

backgating bias. 
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As a function of the optica! power: 

• The normalised amplitudes ofboth peaks decrease. 

• No correlation between the amplitude ratio ofthe two peaks and the optica! power. 

• No correlation between the temporal separation of the two peaks and the optica! 

power. 

To study whether the double peak response was caused by a reilection, A TDR 

measurement was performed. The reference load from which the reileetion of the input 

pulse was measured was the open end ofthe coaxial cable. As can beseen from figure 

23a a positive reileetion from this open end occurred as was expected. Figures 23b 

shows the measured reileetion when only one SMA connector was connected to the 

end of the coaxial cable and 23 c shows the reileetion when the device (on the sample 

holder with the waveguide) was connected to the end of the cable. The ether si de of 

the device was left unterminated. These three responses are plotted in one figure 23d. 

Figure 23e shows these same responses measured on a different scale. However, the 

reference load to which the reilections from the SMA connector and from the device 

are compared is the open end of the coaxial cable. This means that the reference 

impedance is infinite. Therefore it is not possible to calculate the impedance of the 

unknown load impedance (SMA or device) by using the equation given in chapter 4. 

This was not realised when the measurements were performed. What can be seen from 

these reilected pulses is that the extra time it takes for the pulse to be reilected over the 

length of the sample is between 300 and 450 ps, depending on how this delay is 

determined. From figure 23e can be seen that after the reflection from the SMA 

connector occurs, there are three ether distinct structures on the pulse that is reilected 

from the sample. However, the amplitude of these structures is much less than the 

amplitude of the incident pulse. If the reileetion from the sample is significant, the 

amplitude of the reileetion from the sample is expected to be clearly visible. 
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Figure 23. Results ofTDR measurements. a)Rejlection from open end of coaxia/ cable (tdr 1 and 5). 
b)Rejlection when SMA connector is attached to coaxial cable (tdr3 and 6). c)Rejlection when device 

attached to coaxia/ cab/e (tdr2 and 4). d)Three rejlections in one plot. e)Dif!erent scale. 

Chapter 5. Results 53 



----- ------ ------------

The Backgated MSM, a navel approach to high-speed opto-electronics 

Chapter 6. Discussion and conclusions 

The results of the measurements show some agreement with the predicted device 

behaviour, but also some unexpected features. The device response has become faster 

due to the backgating contact, which was predicted. However, that the response of the 

device becomes double peaked due to backgating was not expected and the possible 

crigin of this phenomenon will be discussed. Later in this chapter the comparison of 

the response with backgating and without backgating will be discussed. 

The double peak response of the device to optica! excitation is not fully understood. In 

the earlier measurements the ratio between the amplitudes of the first peak and secend 

peak was much smaller than in the later measurements. Although the beam size and the 

focusing may have been different, it is not clear why the initia! response is not exactly 

reproducible. There are two possible explanations for the double peak response with 

each its discrepancies. One possible explanation is that the double peak response is 

caused by a separation of the electron and hole response. The argument is that the 

electrens and holes get separated in the device and that the holes are collected at the 

contact after the electrens are collected1 
'
2

. Because the electron and hole veloeities in 

GaAs are generally different, a ditTerenee in arrival times at the centacts seems 

possible. 

To calculate the expected transit-time the electron drift velocity needs to be 

determined from the electrical field. The electrical field can be approximated by 

dividing the bias voltage by the separation between the contacts. In the case when the 

bias between the top centacts is 10V this results in a field of 4kV/cm. This corresponds 

to an electron drift velocity of va = 1.5·1 05 m/s - 2·1 05 m/s, depending on the reference 

paper that is used. Hence the expected transit time would be wlva = 65ps - 86ps when 

the carriers are generated in the middle of the gap. This is not in the range of the 
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measured FWHM of the first peak which is 150ps - 190ps. It must he noted that the 

oscilloscope has a rise time of 25ps, which limits the accuracy with which the FWHM 

can he determined. The drift velocity of the holes at this field is approximately 

1.0·104rnls- 1.5·104m/s. This would then result in an expected transit-time of 800ps

lns. From tigure 17 can heseen that the FWHM ofthe total response is approximately 

500ps-600ps, which is different from the estimated response time. It can he concluded 

that the electrens are slower than expected. If the secend peak is the result of the hole 

response, then it can he concluded that the holes would move faster than expected. 

This indicates that either the representation of the electric field is not correct or that 

ether effects that affect the carrier drift velocity play a role. One of the effects that can 

influence the device response is screening of the electrical field by the generated 

carriers3 
. This means that illumination of the structure modifles the electric field in the 

bulk of the semiconductor crystal. The field at the illuminated surface is then screened 

by the photoexcited carrier charge and decreases with increasing intensity. At the 

intensities that are used in these experiments these effects may well play a significant 

role.(The optica! power is 1mW to 50mW and (Gaussian) spot size of 8·10-7 cm2
. As 

most photons are absorbed within 1~-tm, which gives 4·1025 cm·3·s·1 to 2·1027 cm·3·s·1
. 

The pulse rate is 78WI.z, so the number of photons per pulse per centimetre cube is 

5·1017 cm-3 to 2.5·1019 cm-3
. This is larger than the doping density in the intrinsic layer 

which is 1014cm-3
) 

As can he seen from figures 15 and 16 in the previous chapter, the overall response of 

the BGMSM is much shorter when the backgating is connected. This was expected 

from the theory where the holes are expected to he drawn away from the top contacts. 

This would mean that the slowest holes deep in the substrate where the field is low 

move to the backgating contact and are collected there. The electric field between the 

top cantacts and the bottorn contact is high even at a low backgating bias ( due to the 

built-in field over the 1~-tm intrinsic layer). At 1 OV backgating bias this field becomes 

much higher than the field between the top contacts. Consiclering the large separation 
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between the top centacts (14J..Lm) in cernparisen to the separation between the top 

centacts and the bottorn contact (1J..Lm), the holes are expected to move to the bottorn 

contact and not to one of the top contacts. The fast holes in the high field region close 

to the surface would have to be collected at on of the top centacts ho wever in order to 

measure the hole contribution to the response. 

A study of the temporal separation between the two peaks leads to more information. 

If the peaks are the result of the electron and hole contribution, their temporal 

separation is a measure of the carrier velocities. The carriers drift veloeities depend on 

the electric field unless they move at saturation velocity. This means that the separation 

between the peaks changes as a function of the bias when the carriers do not move at 

saturation velocity. When the carriers move at saturation velocity however, the 

separation between the peaks is expected to remain constant. From figure 3 it fellows 

that the saturation veloeities of electrens and holes are almest equal. On the average 

the separation between the maximum of the first peak and the maximum of the secend 

peak is approximately 350ps to 360ps. But the observed separation of the two peaks 

showed no clear dependenee on the applied bias as would be expected for an electric 

field below 4kV/cm. This characteristic seems to contradiet the assumption that the 

secend peak is due to the holes. 

The behaviour of the amplitude of the secend peak cannot be understood from the 

assumption that it is the result of the hole response. As can be seen from figures 17 d, 

20a and 21 a the amplitude of the secend peak increases with increasing backgating 

bias. A higher backgating bias leads to a higher field normal to the surface that draws 

the holes to the bottorn p + contact. Thus an increase of the backgating bias is expected 

to re sult in a more efficient removal of the holes from the high-speed circuit. Hence, if 

the secend peak would be the result of the hole contribution to the response, the 

amplitude is expected to decrease with increasing backgating bias. Clearly, this is not 

observed in the device response. In this argument possible microscopie effects that play 
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a role when the carriers are created and separated are not taken into account. But the 

mechanism that would lead to and increase of the amplitude of the second peak is not 

understood. 

In tigure 17 a third peak can be observed at approximately 900ps separation from the 

first peak. This indicates that also other contributions to the device response play a role 

and this third peak should be taken into account. It can be concluded that there is no 

clear evidence has been provided to show that the second peak represents the 

contribution of the holes to the device response. Another possible explanation is that 

the second peak was caused by a reflect~on. 

As mentioned before, reflections can be caused by an impedance mismatch at the 

interface between two electrical waveguides. In this case the possible locations where 

reflections might occur are the connections between the SMA connectors and the 

coaxial cables, the contacts between the coplanar waveguide and the SMA connectors, 

the points where the wirebonds are contacted to the inner striplines of the waveguide 

and the points where the wirebonds are contacted to the top contacts of the BGMSM. 

For simplicity, reflections within the device are not considered. As the impedance of 

the coplanar waveguide was not accurately determined the estimated value may well be 

different from the real impedance. If the second peak is caused by a reflection, the time 

span between the first and the second peak needs to correspond to the time needed for 

the reflected signal to travel between the reflecting contacts. In this case the reflecting 

contacts are very difficult to determine, in the first place because of the many possible 

candidates and in the second place because the impedance mismatches at all these 

possible locations are unknown. However, if the second peak in the device response is 

caused by a reflection, its temporal separation from the first peak should correspond to 

a distance that allows for a reflection within the dimensions of the waveguide. For a 

coplanar waveguide deposited on a GaAs substrate with a dielectric constant &, = 13.6 

the phase velocity of a propagating electrical pulse is approximately4 vP = 1.1·1 08 m/s. 
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As the separation between the first and the second peak in the device response is on 

the average approximately 350ps-360ps, this corresponds toa length of: 

I= t· Vp =38mm-40mm 

The length of the waveguide is 1 Omm and the length of each wirebond is 

approximately 1.3mm. Although a reflected pulse travels twice the distance between 

the two reflecting points, this length does not correspond to the length of the device. 

The underlying mechanism that would account for a reflection on this timescale is not 

understood. 

When the second peak is caused by a reflection in the circuit, the ratio between the 

amplitudes of the first peak and the second peak is expected to remain constant with 

increasing height of the first peak. As can be seen in figures 18b and 21 b, this is not 

always the case. For these responses the ratio increases as a function of both the bias 

between the top cantacts (at OV backgating bias) and the backgating bias (at OV bias 

between top cantacts) respectively. On the other hand, from figures 19b ( 1 OV 

backgating bias) and 20b (10V bias between top contacts) can beseen that there is no 

clear correlation between the ratio of the two peaks and the bias. 

It can be seen that the tail of the first peak and the leading edge of the second peak 

coincide. This implies that the amplitude of the second peak is influenced by the tail of 

the first peak in such a way that a long tail results in a higher amplitude of the second 

peak. The tail of the first peak is proportional to its FWHM. Therefore the ratio of the 

amplitudes of the two peaks is expected to be inversely proportional to the FWHM of 

the first peak. So if the FWHM of the first peak decreases as a function of the bias, the 

ratio is expected to increase. 
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It can beseen from figures 18d and 21d that the FWHM o-fthe first peak decreases as 

a function of the bias between the top cantacts (at OV backgating bias it was only 

possible to determine the FWHM for three responses) and the backgating bias (at OV 

bias between the top contacts). This could account for an increase in the ratio between 

the first and the second peak as a function of the biases using the argument above. On 

the other hand, from 19d and 20d it can be seen that the FWHM of the first peak 

hardly changes as a function of the bias between the top cantacts and the backgating 

bias respectively. Using the same argument as before, it can be concluded that this 

might account for the preservation of the amplitude ratio between the two peaks. 

To obtain a more accurate verification ofthis statement it would be necessary to fit the 

device response with functions that approximate that of the two peaks. Then the 

influence of the FWHM of the first peak on the amplitude of the second peak could be 

studied. Unfortunately, there was not enough time to perform such analysis. 

A better way to verify if the second peak is caused by a reflection of the electrical pul se 

is to perfarm time domain reflectometry (TDR). The impedance of the device 

(waveguide + BGMSM) could not be determined because the amplitude of the 

reflection from the device was not compared to the amplitude of a reflection from a 

known load impedance. In the measurement that was performed however, the input 

pulseis reflected from the open end ofthe device and recorded in the TDR/Sampler. If 

reflections would occur within the device, the amplitude of the reflection would be 

proportional to the amplitude of the reflection from the open end. The same holds for 

an electrical pulse that is the response of the BGMSM to optical excitation. If the 

second peak from the BGMSM response (e.g. figure 17) is the result of a reflection, 

this is expected to be visible from the TDR measurements. From the TDR 

measurements in figure 23 it can be seen that the amplitude of the reflection that 

occurs from the open end of the device is much larger than the amplitudes of the 

disturbances that occur within the device. It can be seen from the BGMSM response to 
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excitation that the amplitude of the second peak is of significant size with respect to 

the first peak. From the TDR measurements it seems unlikely that a reflection can 

result in a second peak with such a significant amplitude. However, when the device 

response to op ti cal excitation was recorded both si des of the device were connected to 

a 500 coax cable, whereas in the TDR measurement one side is left unconnected. The 

TDR measurement would give a clearer picture of possible reflections if the other si de 

of the device would be terminated with 500. It must also be said that the second peak 

was smaller in the earlier measurements (figure 15). 

So, no hard evidence has been provided to confirm that the second peak was caused by 

a reflection either and a more thorough investigation of the device response is very 

desirable. However, if the second peak is caused by a reflection, it seems justified not 

to consider the second peak when the response of the device with backgating is 

compared to the response without backgating. In that case the device response time 

can be approximated by the FWHM of the first peak, because of the symmetry of the 

pulse shape. 

In conclusion, if the second peak is considered to be caused by a reflection, it can be 

seen that the response time decreases considerably. But, as no hard evidence has been 

provided, it is not justified to consider the second peak to be caused by a reflection. In 

the case that the second peak is not caused by a reflection, but by the intrinsic response 

of the device, the overall response time decreases from approximately 1 OOOps to 

500ps, which means that the suppression of the hole contribution is efficient. In other 

experiments performed on a BGMSM by Greger et al. 5 the device response is not 

altered so dramatically due to the backgating contact. In their measurements the fall 

time constants, found through the slope of the time transient, are deterrnined to be 

85ps and 114ps for backgated and standard devices respectively. However, it should 
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be pointed out that a 140ps laser pulse is used for excitation, so it is possible that their 

device is faster than recorded. But it is interesting to notice that in their measurements 

no double peak response is recorded. Therefore it is necessary to do further research in 

order to get a better understanding of the observed double peak response in the 

measurements done in this project. 

One way to do this is to minimise the influence of reflections by integrating the device 

into the waveguide. This is shown in figure 24. A PIN structure on an insulating 

substrate can be used instead of a PIN structure where the substrate is p +-type. The 

advantage is that then the BGMSM structure can be etched down to the substrate, 

leaving an insulating substrate with the device on top. The same orientation of the 

device will be used (the n + layer on top and the p + -layer on the substrate). The 

photomask should be altered such that a separate Ohmic contact can be deposited onto 

the p + -layer of the device, which can then be brought to the side of the wafer. Then a 

thin layer of polyimide can be put over the wafer and the metal contact such that the 

n+ -contacts (that have Ohmic centacts on top) are left uncovered. The waveguide can 

then be deposited on top of the polyirnide. The different dielectric constant for 

polyimide has to be taken into account, because this requires different aspect ratios for 

the waveguide. The fabrication steps for this device are the same as discussed in 

chapter 3 of this report. So with this structure it is possible to integrate the top 

centacts of the device into the waveguide. The problems with the monolithic 

integration into a high-speed circuit due to the non-planar structure of the BGMSM is 

over co me by depositing the waveguide on top of the two top contacts. This could not 

be done for the waf er structure that was used in this project, because the p + substrate 

would form a large capacitance when the waveguide is on top of the polyimide. 

Another advantage is that the waveguide can be deposited directly onto the Ohmic top 

contacts, without the need for wirebonds. This also minimises possible reflections. 
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Another method to check whether the secend peak is caused by a reflection is to 

perferm a measurement using an optoelectronic autocorrelation technique6 
'
7 ,s '9 . In 

this technique two ultrashort (<IOps) laser pulses (that are split from the same beam) 

are used for photoexcitation. The part of the beam with the lewest optica! power, the 

probe beam, is passed through a variabie length optica! delay line and chopped with a 

mechanica! chopper. Then the response of the device can he recorded as a function of 

the delay between the probe beam and the pump beam using a lock-in amplifier at the 

chopping frequency. Using the non-linear properties of the device material, the time 

during which the carriers are present in the gap after the optica! excitation with the 

pump beam can be measured. This will ~ither be a dip or a peak, depending on whether 

the photo current is a sublinear or a superlinear function of the optical power. From 

figure 22 can be seen that the photo current is a sublinear function of the optica! 

power, in which case a dip is expected. A requirement is that the gap between the 

centacts is fully illuminated, for then the measured carrier lifetime in the gap gives the 

device response time. The advantage of this technique is that a DC current from the 

device is measured and that electrical reflections in the circuit do not influence the 

measured device response. 
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Figure 24. Schematic picture ofintegrated BGMS1'v1 
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Appendix A. Poisson solver 

To solve Poissons equation numerically a simplified Poisson solver simulation was 

developed. The progam works in Microsoft Excel and is based on an iterative method. 

In this simulation a mesh is defined that represents cells in a two dimensional cross

section through the device. Three such meshes with identical dimensions are used that 

are filled with different parameters. The first mesh is filled with the (guessed) initial 

val u es of the. electric potential distribution through the cross-section of the device. The 

second mesh is filled with the charge (assuming full ionisation) at the corresponding 

positions in the device and the third mesh is filled with the values if the electric 

potential during the iteration. After the last iteration this third mesh contains the final 

values of the electric potential at each point in the device cross-section. 

Poissons equation is given by: 

To solve this equation numerically, it has to be discretised. The discretised Poisson 

equation takes the following form: 

[ 2 ] 1 [( ) ( ) ( ) ( )] p V V =- V -V + V -V + V -V + V -V = --
1
'
1
-

i,J 2~.z z+l,j 1,) 1-l,j I,J l,j+l 1,} l,j-1 1,) 

8o8r 

Wh ere ~ is the cell size, V;J is the voltage in cell i,j and p;J is the doping density in cell 

i,j. This can be rewritten as: 
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This means that the electric potential in the cell equals the mean value of the potential 

of the surrounding cells plus the maximum charge that this cell can contribute. Now 

the first mesh is filled with the initial values of the electric potential at each meshpoint 

~.J and in the first iteration the third mesh is filled with these values. The secend mesh 

contains the charge at each meshpoint in the device, i.e. 
112 

Pt.} . This is the charge that 
2&0 &, 

each cell can contain when full ionisation of the do pants is assumed ( depletion 

approximation). An accuracy criterium is needed to determine whether the cell needs 

to be charged or not. This criterium takes the following form: 

IF IV.:+I,J - V.:-i,J I+ IV.:.J+I - V,:,1_11 > accuracy THEN charge ce/I with charge ~ 112 
P1.] 

S 0 S, 

This means that if the difference between the potential of the surrounding cells is too 

large, the cell will be charged. In this way the potential difference is decreased in the 

next iteration. The criterium for charging the cells is a predefinded accuracy. 

In this model a mesh of 3 Ox3 0 meshpoints was used with a cell size .1.=0. 1 )liD x 0.1 )liD. 

This corresponds to a device with with a layer thickness of 1 )liD for each layer (n, i, 

and p) and contact widths and separation of 1 ~tm. Obviously, this does not correspond 

to the real dimensions of a 2D cross-sectien through the device that has a layer 

thickness of 1 ~tm for each layer, contact width of 1 OO~tm and contact separations of 

14)lm, 26)lm and 36~tm depending on which device is used. When separation between 

the top centacts was increased, the program was not able to provide a good solution. 
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The program allowed to set the bias voltages to the contacts and to define the doping 

densities in each part of the device. Although this iterative metbod is only an 

approximation of the 2D potential distribution, it gives an indication of what this 

potential distribution would look like. 
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Appendix B. Approximation of device RC time · 

In this appendix a simple approximation of the device capacitance and resistance is 

used to derive an expression for the RC time. The electrical circuit used to measure the 

device response is shown in figure 11. To model the electrical equivalent of the device, 

the region between the two top centacts is assumed to behave like a capacitor with a 

resistance in parallel, as mentioned in chapter 2. The two regions between either of the 

two top centacts and the bottorn contact are also assumed to behave like a capacitor. 

The sampling oscilloscope and the coaxial cables are represented by a load resistance 

RL with an impedance of 50.0. The electrical equivalent ofthis representation is shown 

in figure A 1. 

. .....••...•....•..........•. ·····~ 
C1 

s2 s2 

Cz 

Rsl 

+- + 

High Speed Section •..•....•••....••••...••..•.•....•......•• 

Figure Al. Approximated electrical representation ofthe BGA1SM in the high-speed circuit. 

In this figure Rst is the resistance between the top contacts, Rs2 the resistance between 

the top centacts and the bottorn contact, Ct the capacitance between the two top 

centacts and C2 the capacitance between either of the top centacts and the bottorn 

contact. Under illumination the device resistances Rst and Rsz are supposed to be 
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much smaller than 50 Ohm, and can therefore be neglected. In most simple case the 

device RC time becomes: 

C = e0 e,S 
' w 

where S is the cross-sectionat area of the current channel between the cantacts and w 

the separation between the contacts. In this case only the part of the circuit between 

the two top cantacts is considered, because the high-speed response of the device is 

measured between these contacts. This part ofthe circuit is indicated in figure Al. The 

capacitance between the two top cantacts and the backgating contact is not taken into 

account. To calculate the highest possible RC time the full length of the rectangular 

top contact (200!lm) is considered and the high-speed current is assumed to flow in the 

intrinsic region only (111m). We also consider the device where the top contact is 

minimum (w=14~tm). So by using the parameters S = (l~tm x 20011m), w=14~tm, 

cr=l3 .6 and a load resistance of 50.0 the approximated RC time is less than 0.1 ps. 

Note that this is a very simple analysis and it is only used to get an indication of the RC 

time. 
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Appendix C. Interdigitated top contact designs 

In this appendix some of potential n + top contact desings are shown. The designs allow 

to etch the pattem from a circular mesa which is used as a standard and also to deposit 

smaller circular metal centacts on top of these n + top contacts. These metal centacts 

can be used to conneet the device to an external circuit using wirebonds. 

11 
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