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Efficient drift dominated photodiodes using defected materials
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Lattice-mismatched crystal growth can result in a high density of defects, which usually degrades
the performance of optoelectronic devices. We demonstrate a drift dominated photodiode, which has
high responsivity even with defected material. A drift dominated InP grown on GaP substrate
photodiode, with the 8% lattice mismatch, has been developed for InP on Si application. Meanwhile,
a conventional p-i-n InP on GaP photodiode was also made as a control sample. Results show that
with the same defected material, the drift dominated device has much higher quantum efficiencies
than those of the p-i-n device, especially at short wavelengths. The internal quantum efficiencies of
the drift dominated InP on GaP photodiode are higher than 70% in UV and visible region. © 2005
American Institute of Physics. 关DOI: 10.1063/1.1875757兴
By integrating InP photodiodes with Si, we can take advantage of the low cost and robustness of large Si substrates.
Furthermore, the prospect of integrating InP optoelectronic
devices with Si large-scale electronic circuits is very attractive. However, the major challenge of this strategy is the
high density of defects in InP epitaxial layer grown on Si
substrate, due to the 8% lattice mismatch and large difference in thermal expansion coefficient.1–3 Large concentration
of dislocations, which act as the recombination centers, will
greatly deteriorate the performance of the InP photodiodes.
We have developed InP photodiodes, whose photoactive regions have large electric fields, in order to achieve high
quantum efficiencies, even with defected material. We use
GaP substrate as the first step since GaP is lattice matched to
Si, which could be used as a buffer layer between InP and Si
later on. By directly growing InP on a GaP substrate via
epitaxy, the defects in InP layers primarily result from the
8% lattice mismatch. We compared two different structures:
a normal p-i-n structure and a drift dominated structure.
As a control sample we made a normal n-i-p structure of
InP on a GaP substrate. The schematic layer structure is
shown in Fig. 1共a兲. From the top, there is a 100 nm Si doped
n-InP layer with a doping concentration of 1018 cm−3, followed by a 250 nm undoped InP i layer, followed by a 500
nm Be doped p-InP layer with a doping concentration of
1018 cm−3. A very thin 共5 nm兲 1020 cm−3 n++-InP layer on the
surface is used for the front ohmic contact. The rest is
heavily doped p-InP layer used for back ohmic contact. For
the test sample, we designed and fabricated a drift dominated
device shown in Fig. 1共b兲. In this structure, instead of doping
uniformly, we varied the Si doping concentration in the top
100 nm layer from 1020 cm−3 at the surface to 1016 cm−3,
which results in a large electric field in the order of 10 kV/
cm. After that, there is also a 250 nm undoped i layer which
is fully depleted. Below the i layer there is a uniformly Be
doped 1018 cm−3 100 nm p layer to form the graded
n+-i-p+ structure. In this layer, instead of doping concentration grading, large and uniform concentration of Be is used
in order to produce a large potential difference across the
intrinsic layer, and therefore, a large electric field. Below this

layer, there is a 500 nm graded doped p layer. The doping
concentration is graded from 1018 to 1019 cm−3, which produces an electric field less than 1 kV/cm.
For the drift dominated InP on GaP photodiodes, minority carriers generated in the drift region, where an electric
field exists, move with a large drift velocity and can get to
the majority carrier side of the junction before being trapped
by the recombination centers due to defects. As a result, this
InP photodiode design enables the device to have high quantum efficiencies even if the material is highly defected. The
n-i-p devices, on the other hand, are expected to have much
lower quantum efficiencies, especially at short wavelengths.
This is because, unlike the drift dominated device, there is no
electric field in the top 100 nm layer of the n-i-p device. The
photogenerated carriers in that region can only be collected
by diffusion. In the case of InP on GaP photodiodes, most
carriers generated in that region cannot be collected since the
diffusion length is very small in defected materials.
Both n-i-p and drift dominated InP on GaP photodiodes
have been fabricated and characterized. The InP epitaxial
layers were grown by the solid source molecular beam

a兲

FIG. 1. Schematic layer structures of the InP on GaP photodiode:
共a兲 a n-i-p structure, 共b兲 a drift dominated structure.
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FIG. 2. Carrier concentration profile of the InP on GaP photodiode: 共a兲 the
n-i-p structure, 共b兲 the drift dominated structure.

epitropy 共MBE兲 and there was only a 1000 nm GaP buffer
layer between the GaP substrate and InP epitaxial layers.
Beryllium was used as the p-type dopant, and silicon was
used as the n-type dopant for InP epitaxial layers. The GaP
substrate was purchased and was sulfur doped n type with
concentration around 1 ⫻ 1018 cm−3. The growth temperature
was 430 °C. Both the n-i-p and the drift dominated InP on
GaP devices were fabricated using the same following processing procedure. First, the wafer was etched down to the
heavily doped p-InP contact layer using a solution of hydrochloric acid and nitric acid; then a 200 nm AuZn alloy with
5 wt% Zn was deposited and annealed at 410 °C in nitrogen
for 90 s by rapid thermal annealing for p side ohmic contact.
As-deposited Ti/Au 共50 nm/150 nm兲 was used for front contact. The total area of the device is 25 mm2, and the front
Ti/Au contact takes about 5% of the device area.
Before device fabrication, the carrier concentration profile of the InP epitaxial layers for both the n-i-p structure and
the drift dominated structure was determined. The carrier
profile is very important since the carrier concentration distribution determines the electric field distribution, and,
hence, the carrier collection efficiencies. We used an electrochemical C-V profiler to obtain the carrier concentration as a
function of sample depth. The results for the n-i-p structure
and the drift dominated structure are shown in Figs. 2共a兲 and
2共b兲, respectively. Figure 2 shows that in the top 100 nm
layer, the profile of the n-i-p structure is different from the
profile of the drift dominated structure. For the n-i-p structure, the electron concentration is uniform around 1018 cm−3,
while for the drift dominated structure, the electron concentration grades from 1019 cm−3 at the surface to 1016 cm−3.
These are consistent with the layer structures shown in Fig.
1. For the rest of the layers, the profiles measured are similar
for both structures, which include a 250 nm fully depleted
intrinsic region, and a 1018 cm−3 p layer. The carrier concentration profiles for both structures agree with the original
design, indicating that the epilayers were successfully grown
by MBE.
The quantum efficiency as a function of wavelength was
determined for both structures. The results are shown in Fig.
3. For comparison, we also show the spectral response of the
drift dominated InP homoepitaxy device which has ten times
less dark current than that of InP on GaP devices for both

FIG. 3. Spectral response of the n-i-p InP on GaP, the drift dominated InP
on GaP and the drift dominated InP on InP devices.

structures. Figure 3 shows that the internal quantum efficiencies for the drift dominated photodiode are higher than 70%
for most wavelengths, a lot higher than the n-i-p photodiode,
especially at short wavelengths. Compared with the drift
dominated InP on InP device, the drift dominated InP on GaP
photodiode only has less than 10% degradation in the visible
range. There is a larger degradation at longer wavelengths
since a larger portion of the illumination is absorbed outside
of the high electric field region, where the photogenerated
carriers are collected by diffusion, hence many carriers generated have been trapped by defects and dislocations. Based
on these results, we have demonstrated that for a drift dominated device design, in which electric fields exist in the active regions and carriers are collected by drift instead of diffusion, high quantum efficiencies can be achieved even if the
device contains a large concentration of defects, e.g.,
⬎109 cm−2 threading dislocation.
In conclusion, we have developed InP-on-GaP photodiodes as a precursor for InP-on-Si applications. We use a
drift dominated structure, where carriers are collected by
drift due to electric fields in the active regions. As a control
sample, we also compared the performance of a normal
n-i-p InP on GaP photodiode. Both samples were grown by
MBE. The measured quantum efficiencies show that the drift
dominated InP-on-GaP photodiode has an excellent spectral
response, especially in UV and visible range, where we observe higher than 70% internal quantum efficiency, and only
about a 10% lower efficiency compared to drift dominated
InP photodiodes grown on InP substrates. The normal n-i-p
InP-on-GaP photodiode shows more degradation in quantum
efficiency, especially at short wavelengths, since at that
wavelength most photons are absorbed in the top 100 nm
layer, where there is no significant electric field and carriers
are collected by diffusion. Based on the above results, we
demonstrate the robustness of the drift dominated devices in
defected material; hence, they are very promising for InP/Si
applications.
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