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Solar-blind Schottky photodiodes based on the AlGaN:Si/AlN

heterostructures grown by plasma-activated molecular beam epitaxy
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The article describes solar-blind Schottky photodiodes based on the AlN/Al0.7Ga0.3N/Al0.55Ga0.45N heterostruc-

tures grown by plasma-activated molecular beam epitaxy on c-sapphire substrates with various AlN buffer layers.

Xray diffraction analysis and chemical surface etching were used to estimate the density of threading dislocations

that affect leakage currents and spectral sensitivity of photodiodes. Optimization of the photodiode design

and Ti/Al/Ti/Au contact layer made it possible to achieve photosensitivity of 51mA/W in the solar-blind range

(λ < 290 nm) in the photovoltaic mode.

Keywords: plasma-activated molecular beam epitaxy, solar-blind Schottky photodiodes, AlGaN, threading

dislocations.

DOI: 10.61011/0000000000

Solar-blind ultraviolet (UV) photodetectors with sen-

sitivity at the wavelengths below 290 nm are desirable

in many popular applications, such as detection of UV

radiation in spectroscopy systems and from various atmo-

spheric UV sources, as well as in the field of highenergy

physics for detecting the fast component of radiation

from BaF2 crystals [1]. Solar-blind photodetectors com-

prise AlGaN layers with a high content of aluminum

(> 40mol.%) for which the p-type conductivity can hardly

be achieved [2]. Therefore, photodiodes with a Schottky

barrier which, unlike p−i−n photodiodes, comprise only n-
doped layers, represent one of the most promising types

of solar-blind photodetectors [3]. Output characteristics

of photodetectors are largely governed by their leakage

currents whose level in the AlGaN photodiodes may

be high due to high density of threading dislocations

(> 109 cm−2) arising during epitaxial growth of heterostruc-

tures on c-sapphire or crystalline-silicon substrates [4].
Therefore, quite a lot of attention is paid to develop-

ing techniques for suppressing the nucleation of these

dislocations and limiting their propagation in the growth

direction [5].

This article considers Schottky photodiodes based on

the n-AlGaN : Si/AlN heterostructures grown by plasma-

activated molecular beam epitaxy (PA MBE) on vicinal c-
sapphire substrates (0.2◦ misorientation from the M plane)
with templates and AlN buffer layers. The templates were

grown by both PA MBE and metal-organic vapor phase

epitaxy (MOVPE); the methods provided different threading

dislocation densities and, hence, different leakage currents

and spectral sensitivities of Schottky photodiodes.

The Schottky diode structure is shown schematically

in Fig. 1, a; parameters of the layers are listed in the

Table. Specific features of PAMBE growth of the AlN

nucleation and buffer layers are described in detail in [6].
Upper AlGaN : Si layers were grown at the substrate

temperature TS = 700◦C and differed in thickness, Al

content (55 and 70mol.%) and doping level (see the

Table). Nominally, doping levels of layers with equal

aluminum contents were identical; the difference in electron

concentrations (see the Table) was apparently caused by

different conditions for Si embedding due to differences in

the buffer layers. The AlGaN layers were grown under

metalenriched conditions at flow ratio (Al+Ga)/N2=1.8

with periodic growth interruptions necessary for evaporating

excess metal (Ga) [7]. After reactive ion-plasma etching of

mesa structures, an n-contact Ti (25 nm)/Al (80 nm)/Ti (
60 nm)/Au (100 nm) was deposited by e-beam sputtering

on the lower n-doped Al0.7Ga0.3N : Si layer; the contact

was annealed at 900◦C for 60 s, which ensured the ohmic

contact resistance of ∼ 8� ·mm [8]. Active regions

were slightly doped n-Al0.55Ga0.45N : Si layers 200 nm thick;

Ni (30 nm)/Au (100 nm) layers to be used as contacts were

deposited by sputtering onto their surface without firing.

The diameter of these contacts (photodiode active regions)
varied from 30 to 400µm.

All the structures were examined by using scanning

electron microscopes (SEM) JSM 7001F (JEOL, Japan)
and CamScan 4-88-DV-100 (UK). Concentrations of thread-
ing dislocations with screw and edge components whose

values are listed in the Table were determined based on

measurements of, respectively, half-widths (ω) of symmetric
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Figure 1. Schematic representation of the Schottky diode structure (a) and variation in the electron concentration along the structure

depth (b).
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Figure 2. Surface SEM images of structures grown on the AlN(PA MBE) buffer layer (structures A and B) (a) and AlN(MOVPE)
buffer layer (structure C) (b ). The insets present images after etching in H3PO4 .

(0002) and obliquely symmetric (10-15) X-ray diffraction

reflections [9]. To estimate those concentrations, standard

formula N = ω2/(4.35b2) [10] was used, where b is the

Burgers vector of either a screw dislocation or of an edge

one. In addition, concentrations of threading dislocations

were measured by the metallographic method involving

chemical etching of heterostructures either in H3PO4 at

160◦C for 15 s or in the 20% KOH solution at 90◦C for

5min.

Charge carrier concentrations in the AlGaN layers were

determined by using a mercury probe on contactless

test structures; for the Al0.55Ga0.45N active region, the

C−V method was additionally used on structures with

contacts (Fig. 1, b). The photodiodesśensitivity spectra were

measured on the structures illuminated by a tunable UV

radiation source from the side of substrate at zero external

voltage (photovoltaic mode).

Fig. 2 presents SEM images of the surfaces of Schottky

photodiode epitaxial heterostructures, which exhibit a sat-

isfactory planar morphology. Though the heterostructure

grown on the AlN(MOVPE) template had surface features

similar to those of the heterostructures grown on AlN(PA
MBE) templates, their local relief inhomogeneities (dips)
(Fig. 2, b) were greater (Fig. 2, a).

The Table presents the estimates of threading dislocation

densities obtained from the data of Xray diffraction analysis,

which show that the edge dislocation densities in the

AlN(MOVPE) template are almost an order of magnitude

lower than those in the AlN(PA MBE) template. Densities

of screw dislocations differ only twice.

Despite the high dislocation density, samples with

AlN(PA MBE) templates (samples A and B) exhibited no

signs of surface etching in orthophosphoric acid. When

using a 20% KOH solution having a higher etching rate,

noticeable etching was observed over the entire surface of

the sample. However, etching selectivity was insufficient,

which prevented accurate calculation of the etch pits

(defects) density. Structure C grown on the AlN(MOVPE)
template was the only one where the metallographic method

in etchant H3PO4 allowed identifying screw and edge
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Figure 3. I-V characteristics of the Schottky photodiodes under study (v ) and their spectral characteristics (b). 1 — structure A
(photosensitivity of 24mA/W), 2 — structure B (photosensitivity of 51mA/W), 3 — structure C (photosensitivity of 40mA/W). The inset
presents the logarithmic dependence of spectral photosensitivity.

Main parameters of the Schottky diodes

Structure Buffer Active Wide-gap window Density of

region (n-contact layer) dislocation, cm−2

x n, cm−3 x n, cm−3 Edge Screw

A 1 µm, PA MBE 0.55 ∼ 5 · 1016 0.7 > 5 · 1017 ∼ 1 · 1010 1 · 109

B 2 µm, PA MBE 0.55 ∼ 1 · 1016 0.7 > 1 · 1017 7 · 109 6 · 108

C 2 µm, MOVPE 0.55 ∼ 1 · 1016 0.7 > 1 · 1017 1 · 109 5 · 108

dislocations (see the inset to Fig. 2, b). Screw and edge

threading dislocations manifested themselves as etch pits

having the shape of truncated and pointed inverse pyramids,

respectively (inset to Fig. 2, b). Estimates of dislocation

densities coincided with those obtained by Xray diffraction.

It is known that, in the case of the AlN(MOVPE)
templates, threading dislocations have an open-core struc-

ture, which leads to formation of V -shaped defects at the

places where dislocations reach the surface; the defect sizes

increase during chemical etching, which results in formation

of the observed etch pits [11]. Surface of AlGaN layers

grown on the AlN(PA MBE) templates is of a different

character, which is associated with stoichiometric conditions

more metal-enriched than in the MOVPE mode when

nitrogen-enriched conditions are typically used. Apparently,

this is the main reason for the formation in this case of

full-core threading dislocations. Previously, dislocations

with such a structure were found in [12] by transmission

electron microscopy. As a result, planarity of the AlGaN

layers grown on the AlN(PA MBE) templates does not

get disrupted at the places where threading dislocations

emerge to the surface. Moreover, those places turn out

to be chemically inert to etching in phosphoric acid.

Fig. 3 presents the dark current-voltage (I-V) characteris-

tics and spectral characteristics for various types of Schottky

photodiode structures. As Fig. 3, a shows, scatter of the dark

current density on the structuresÍ-V curve reverse branch

exceeds four orders of magnitude. Contrary to expectations,

the lowest dark current densities (50 nA/cm2 at −2V) are

exhibited by structure A having the maximal dislocation

concentration. An increase in the buffer layer thickness

and decrease in the dislocation density in structure B did

not lead to a decrease in the dark current density. Finally,

structure C exhibiting the minimal threading dislocation

concentration is characterized by the maximal density of

dark current that is almost two orders of magnitude higher

than in other structures. This increase in current is most

likely caused by high defectiveness of grain boundaries in

the AlGaN layers grown on the AlN(MOVPE) templates,

which is clearly seen in the surface SEM image (Fig. 2, b).
These results demonstrate the absence of a clear cor-

relation between photodiode dark current densities and

threading dislocations in the structure. This evidences for

a complex nature of the conduction channels formation

in AlGaN with threading dislocations and of their effect

on the dark current densities and contact resistances in

Schottky diodes. For the purpose of further investigation

of this relationship, spatial maps of leakage current will be

measured by using atomicforce microscopy.

Fig. 3, b shows the Schottky diode spectral characteristics

at zero bias (the inset presents logarithmic spectral charac-

teristics). All the three diodes demonstrate maximum sensi-

tivity at the wavelength of 272−274 nm which corresponds

to the bandgap of the Al0.55Ga0.45N active layer.

The lowest photosensitivity (24mA/W) was exhibited

by structure A despite the minimal dark current densities.
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Apparently, high dislocation density in this structure resulted

in a decrease in the diffusion length of photogenerated

charge carriers, which reduced the photodiode sensitivity.

The maximal photosensitivity (51ṁA/W) was measured

in structure B ; this was promoted by a relatively low

dislocation density. Sensitivity of structure C appeared to

be 40mA/W.

Thus, this article demonstrates the possibility of cre-

ating solar-blind Schottky photodiodes based on the

Al0.55Ga0.45N : Si/Al0.7Ga0.3N : Si heterojunction with high

spectral sensitivity (51mA/W) at the wavelength of

∼ 270 nm. In addition, the study has demonstrated that

the standard metallographic method (etching in H3PO4)
differently reveals the presence of threading dislocations

in the AlN/c-Al2O3 templates grown by different methods:

MOVPE and PA MBE under metal-enriched conditions.

In the first case application of the method encounters no

problems, but in the second one the template surfaces

are chemically inert despite high density of threading

dislocations in them.
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