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(4) Scientific Progress and Accomplishments:

A. Introduction

B. Objective

The primary goal is to develop a high power, high bandwidth photodetector for microwave fiber optic link
applications at 1.33 pm or 1.55pm optical wavelength. The tasks include device design, fabrication, RF test,

and high power failure mechanism investigation. Iteration of device design and fabrication to improve device
performance is performed.

C. Device Principle and Structure
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Figure 1. Schematic structure of long-wavelength Velocity-Matched Distributed Photodetector

(VMDP)

The cross section and epitaxial layers structure of VMDP is shown in Figure 2. All epi layers are intrinsic,
and grown lattice matched on semi-insulating InP substrate. The epi layers of the passive optical waveguide are

transparent to 1.3 pm and 1.55 pm wavelength. The fabrication process has been discussed related publications
[see section G and H]
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Figure2.  Cross Section of Velocity Matched Distributed Photodetector (V MDP). The Graded Superlattice

consists of 11 pairs of alternate layers of Ings3Gag47As and Ing 52Alp43As with thickness
gradually varied in opposite directions from 55A to5 A with fixed period of 60 A as shown.

The Schottkky barrier enhancement layer is employed to reduce dark current, and the graded superlatice
helps reduce carriers trapping effect. Figure 3 shows the schematic band diagram of the device.

* Band Diagram
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Figure 3. Schematic band diagram of active photodiode region

D. Result and Discussion

Three design iterations of VMDP have been fabricated and tested. All designs share the same epitaxial layer
structure. The principle of operation of VMDP has been discussed in detail in [1-3]

D1. First Generation VMDP

D1.1 Objective

The main objective of first generation long wavelength VMDP is mainly to demonstrate the capability of
InP-based. long wavelength VMDP. [t serves as a proof of concept for wafer and device design, fabrication
technplogy, failure mechanism study, and possible improvement for future design.




"D1.2 Approach

defined by optical lithography.

D1.3 Result and Discussion

reflection (AR) coating. The dominant loss comes from the coupling from optical fiber to the VMDP. All
devices exhibit linear responsivity up to 12 mA of photocurrent.

The microwave performance of the VMDP is measured by HP 8510C network analyzer. The microwave
return loss (Sy;) is less than ~22 dB from 0.1 to 40GHz. The characteristic impedance of the VMDP is matched
very well to 50Q (within 4%) for the entire frequency range. The frequency response of the VMDP is
characterized by optical heterodyne method [4,5] using two external cavity tunable lasers at 1.55 pm. The
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Figure 4. Measured Frequency response of long wavelength VMDP (12 photodiodes, total length = 1.2
mm)

Thermal studies were performed to determine the failure mechanism, a detail discussion can be found in [6].
The two important failure mechanisms studied were (i) thermal runaway due to increasing thermionic emission
from positive feedback mechanism at high temperatures and (ii) avalanche breakdown in the depletion region of
the detector leading to failure. A physics based quasi-3D coupled opto-electronic model has been implemented



than avalanche breakdown. Improving the diffusion barrier of the Schottky contact should lead to higher
photocurrent.

D2. Second Generation VMDP

D2.1 Objective

The main target of the second generation VMDP is to achieve higher saturation photocurrent, increase
external quantum efficiency by reducing coupling loss from optical waveguide to active MSM photodiode.

D2.2 Approach

D2.3 Result and Discussion

Improved performance of InP-based long wavelength VMDP with MSM photodiodes is experimentally
demonstrated. A 3-dB bandwidth of 13 GHz and an external quantum efficiency of 0.57 A/W have been
achieved. The VMDP exhibits very low dark current: 8.3 nA at 10V bias for a 1-mm-long VMDP with 13 photodiodes.

Item (1) and (2) are supported by experimental data. Compare to the first generation device, the second
generation VMDP exhibits higher responsivity and lower dark current. However, the maximum saturation

current is only 4mA compare to 12mA for the first generation VMDP. This is probably due to the difference in
quality of the wafers used in each run.

D2.4 Split Contacts Structure

A split contacts test structure is included in the second iteration to investigate the photocurrent
distribution along the VMDP. Figure 5 shows a top view schematic of the split-contact test structure.
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“simulation results, it is clear that the most important change is to redesign the optical waveguide. A proposed
approach is to etch the waveguide deeper, through the core layer, to provide a stronger lateral waveguiding.

D3. Third Generation VMDP

D3.1 Objective
The third iteration of VMDP mainly focuses on achieving bandwidth beyond 20GHz.

D3.2 Approach

D3.3 Result and Discussion

In October 1998, we have successfully fabricated VMDP with submicron MSM fingers of 0.3 um finger
width and 0.2 um finger spacing. The fingers were done by electron beam writing at Cornell. S-parameter
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Figure 6. Schematic of the pulse response measurement setup. The fiber laser emits 160fs pulses at
40MHz repetition rate, wavelength at 1.55 um.

The pulse response of the VMDP under various bias and illumination conditions are shown in F igures 7a
and 7b. There are two definite trends observed:

* Pulse gets broaden as optical power increases, probably due to saturation
*: Device is bias dependent. At higher bias, pulse width is smaller and the long tail is better suppressed.
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Figure 7a. Pulse response of VMDP (include cable, bias T, and probe) at different bias voltages, with ND
filter=2.4
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Figure 7b. Pulse response of VMDP (include cable, bias T, and probe) at different bias voltages, with ND
filter=1.0

The VMDP pulse response has a fast component, as seen in the narrow pulse width; but it also has a slow
component which results in a very long tail. There are several possible reasons for the long tail:

1. Carriers trapping at the graded superlattice and Schottky barrier enhancement layers. Figure 2 shows a

schematic cross section of the VMDP epitaxial layer structure. The band diagram is shown in Figure 3.

- If there is trapping at the barrier, it is more likely to be hole trapping since electron can easily overcome
- the barrier at high bias.




High Electric
Field Region

[ ¢
Optical 2
Waveguide

i ]
| $———___ Active Mesa

(Absorbing)

CPS

Figure 8. Schematic of a section of VMDP from top view. The high field region is where the fingers overlap

In order to investigate the long tail in the pulse response and isolate the two reasons listed above, we need to
fabricate single MSM photodiode with submicron finger width and spacing on planar wafer (no mesa), with

barrier enhancement layer by wet etching to reduce carrier trapping.

D3.4 Single MSM Photodetector

- The single MSM photodiode was fabricated using Leica EBL100 electron beam writing machine at UCLA.
Figure 9 shows a SEM picture of a single device. Different beam current and dosage were used for the fingers
and contact metal pads. After exposure, the wafers were developed in IMIBK:3IPA for 45 seconds. Surface
cleaning in oxygen plasma and a short dip in hydrofluoric acid were employed before metal liftoff to reduce

dark current. Finally, the fingers and pads were defined using standard liftoff, with metal thickness of 1004 Ti/
6004 Au.



Figure9. A Scanning Electron Micrograph (SEM) of a single MSMPD, with 600nm finger pitch and 15um
finger overlap

The pulse response of the single MSMPD was characterized by an ultrashort laser pulse as for the VMDP.
The device under test has an active area of 20um long, with 25um finger overlap. The contact pad is 30um wide
and 40um long. The finger pitch (include finger width and spacing between fingers) is 600nm. The fiber laser
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ponse of a single MSMPD (include cable, bias T, and probe) at different bias voltages,
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Figure 10b. Pulse response of a single MSMPD (include cable, bias T, and probe) at different bias
voltages, with ND filter = 1.0

In conclusion, we have successfully fabricated and tested the single MSMPD, and confirmed that the long tail
seen in our previous large mesa VMDP is not due to carriers trapping, but due to the slow diffusion of carriers
generated outside the high field region where the MSM fingers overlap.

E. Conclusion and Future Direction

We have successfully fabricated and tested 3 generations of VMDP. Controlled experiments with split-
contact CPS structure indicate most current generated by the first photodiode. This can be eliminated by etch




~down the passive waveguide through the core layer, and matching the width of the mesa and passive optical
waveguide. A long tail also seen in impulse response of submicron finger VMDP, which has been identified as
carrier diffusion in the large mesa. This can be avoided by placing the entire mesa under high field region,

where MSM fingers overlap. A new design with these changes can help realize a truly high power, high speed
VMDP.
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