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Abstract 

Localized epitaxy of gallium nitride (GaN) on silicon (Si) is studied, with the aim of achieving material 

compatible with 1200 V vertical devices, in particular an unintentional doping level less than 1 x 1016 

cm-3, which is essential to have high quality devices. In this study, three mask materials (SiN, SiO2, 

Al2O3) are examined and the unintentional doping concentration in GaN layers grown by metal organic 

vapor phase epitaxy (MOVPE) is investigated by scanning spreading resistance microscopy (SSRM). 

The results from SSRM are verified by secondary ions mass spectroscopy (SIMS) and show that an 

unintentional doping concentration lower than 1016 cm-3 is achieved when Al2O3 is used as the mask 

material. This value is lower than any previous studies of localized GaN growth, and in addition, this is 

the first time that SSRM has been used to observe such low doping concentrations in GaN. 
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1. Introduction 

High power electronics concern devices capable of efficient conversion and control of electrical power, 

typically above 1kW. Over the past few decades, Si-based transistors have dominated in this field. 

However, wide-bandgap semiconductors, such as GaN, appear to be the perfect materials to overtake Si 

and prevail in future electronic applications. [1], [2] Its large energy gap and maximum electric field 

allows GaN-based devices to achieve higher breakdown voltages (BV) and operate at voltages 11 times 

higher than their Si-based counterparts, for a given thickness. Moreover, GaN-based devices are able to 

operate at temperatures higher than 300°C, which is twice the maximum of those for Si-based devices 

[3], [4] in spite of a similar thermal conductivity for silicon and GaN grown on silicon. [5] These 

characteristics, along with the excellent transport properties, lead to an improvement in the trade-off 

between specific Ron (on-resistance for a given surface area) and BV. This means that the components 

can be smaller, and so potentially cheaper. Silicon carbide can achieve similar benefits to GaN, but the 

high cost of wafers means that GaN on 200 mm-diameter Si remains an extremely attractive option. 

Due to the high cost of GaN wafers, their varying quality and their limited availability, the search for 

alternative materials to serve as substrates is imperative. The low wafer and epitaxy cost, along with the 

low technological barriers to process large-diameter wafers, make Si substrates an excellent alternative 

to the native GaN. In addition, Si has good thermal and electrical conductivity, compared to other low-

cost foreign substrates, for example sapphire. However, the large lattice mismatch between GaN and Si 

results in structural defects and a high density of dislocations in the grown GaN layer. [6] 

For the growth of GaN on Si, buffer layers are required, firstly, because of the meltback etching effect 

[7] between them, and, secondly, in order to control the strain imposed during cooling from growth 
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temperature, due to the difference in thermal expansion coefficient between GaN and Si. [8] During the 

growth, the buffer layers, AlN and AlGaN, introduce a compressive strain to the GaN layer, resulting in 

a strong convex bow. When the structure is cooled down to room temperature, a large tensile stress is 

generated in the nitride layers, due to the thermal expansion coefficient mismatch, and if the growth is 

well controlled, the wafer becomes flat at room temperature. [9] For thicker layers, the GaN relaxes, and 

it is not possible to keep sufficient compression in the layers. This limits the thickness of GaN layers, 

that can be grown on planar Si wafers, to 7 µm but the wafers are more fragile. Localized epitaxial 

growth relaxes this tensile stress elastically, and enables the growth of thicker GaN layers. [10], [11] 

These thicker GaN layers can be used for the fabrication of vertical power devices. Vertical devices are 

more compact than lateral devices, and they have no need for high carbon doping, improving their 

dynamic performance. [1] Furthermore, the electric field is more uniform and the current distribution is 

more spread, making the thermal management of vertical devices easier. [12] For vertical power devices 

operating at voltages higher than 1 kV, a drift layer of thickness 10 µm, with a low doping concentration 

in the order of 1016 cm-3 is required. [13] 

In localized GaN growth, Ga atoms diffuse on the mask towards the mask openings. There are two 

effects from this diffusion. Firstly, after nucleation in the openings, growth extends both laterally to 

cover a part of the mask at the edge of the opening and vertically (superelevations), meaning that the 

thickness of the GaN layer is higher at the areas adjacent to the mask openings, than at the center. This 

phenomenon is dependent on the growth conditions and duration but also on the mask area surrounding 

the opening with a limit related to the diffusion length of Ga. In addition, the Ga atoms slightly etch the 

mask, which can incorporate Si or oxygen (O) atoms from the mask to the grown layer, elements that 

are good n-type dopants of GaN. As a result, there is an unintentional doping in the GaN layer. This has 

been previously reported for GaN on sapphire growth, where the lowest unintentional doping of GaN of 

5 x 1016 cm-3 was found using an Al2O3 mask. [10] 

In this study, the effects of three mask materials (SiO2, SiN, Al2O3) in the unintentional doping 

concentration of the localized epitaxial GaN layers are investigated. SSRM is employed as the 

characterization technique on specially prepared cross-sections of the growth structures to give detailed 

spatial doping information. These SSRM results are then verified by SIMS.  

 

2. Experimental Section 

Growth was carried out on a single-wafer AIXTRON Crius-R200 MOVPE tool, using 200 mm-diameter 

Si-wafers. The buffer layers, AlN and AlGaN, an undoped GaN layer of 300 nm and an 800 nm-thick 

n-GaN layer with doping concentration of 5 x 1018 cm-3, serving as the template, were grown on the 

planar wafers. Afterwards, the deposition of the 50 nm-thick mask followed, by low-pressure chemical 

vapor deposition at 750 °C for SiN, plasma enhanced chemical vapor deposition at 400 °C for SiO2 and 

atomic layer deposition at 300 °C for Al2O3. The patterning of the mask by reactive ion etching followed 

and finally, the localized growth of GaN was performed.  

For this study, two different structures were grown, employing SiN, SiO2 or Al2O3 as the growth mask 

for each structure, resulting in 6 samples.  The first set of samples had one nominally 1.5 µm-thick non-

intentionally doped (nid) GaN layer grown at 1040 °C, with a nominal growth rate of 1.5 µm/h (for full 

wafer growth). The pressure in the chamber was 400 mbar and the NH3 flow was 10 slm. In the second 

set of samples, four nominally 0.75 µm-thick GaN layers were grown, each one having a different 

intentional doping concentration. Starting from the first layer grown, the four doping concentrations 

were 5 x 1018 cm-3, 5 x 1017 cm-3, 5 x 1016 cm-3 and nid, with the doping level estimated from full wafer 

2D growth. The growth rate of these layers was 1.5 µm/h (for full wafer growth). The dopant used was 

Si, and the precursors for silicon and gallium were silane (SiH4) and tri-methyl gallium (TMGa) 

respectively. 
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To prepare the samples for the SSRM measurements, they were first cleaved and then the cross-sections 

were prepared. The cross-sections of the first set of samples were prepared by mechanical polishing on 

the cleaved area, while the cross-sections of the samples of the second set were prepared by ionic 

polishing in a Leica TIC-3X tool.  

SSRM is an excellent technique for the study of doping concentration within GaN-based layers. [14] It 

is based on atomic force microscopy (AFM), however since it is conducted in contact mode and high 

forces are applied to the tip, doped-diamond-coated probes are used. In addition, these probes assist in 

the penetration of the oxide layer, which typically forms rapidly on the surface. [15] The small 

conductive tip measures the local spreading resistance, which is directly proportional to the local 

resistivity. A bias voltage is applied between a back contact and the tip, in order to measure the current 

flowing through the sample. [16]  SSRM is capable of measuring resistance in both high- and low-doped 

semiconducting regions, by employing a logarithmic amplifier with a current range from 10 pA to 0.1 

mA. [15] The back contact on the samples was created by applying silver paint to the n-GaN bottom 

layer. All the measurements were conducted in air on a Bruker Dimension ICON AFM tool at 

atmospheric pressure. The applied DC sample bias was -2 and -6 V for the top-view and cross-section 

measurements on the samples of the first set respectively. The measurements on the samples of the 

second set were conducted under a DC sample bias of -8 V, as this gave clearer results.  

SIMS measurements were performed on magnetic sector instrument considering a cesium source for 

primary ion beam. Negative polarity secondary ions were collected, in a high mass resolution 

configuration, in order to accurately monitor 28Si- independently of the 14N2
- contribution. 

 

3. Results & Discussion 

For this study, no mask was designed specifically for the localized epitaxy of GaN but an existing one 

was used. The measurements were carried out on three circular patterns on all the samples. Figure 1(a) 

shows a schematic of the three circular patterns under study. The first is a 5 mm-diameter circle and it 

will be referred to as Pattern A. The latter two have a diameter of 90 µm, but the mask distance between 

their edge and the outer rectangle, was 10 µm (Pattern B) and 20 µm (Pattern C) respectively, thus 

changing the amount of diffusive material arriving on the pattern. The center of the 5 mm-diameter 

circle behaves  like a planar substrate and provides a reference for evaluating the difference of the doping 

concentration between the center and the edge, as a result from the diffusion of the Ga atoms on the 

mask.  Figure 1(b) shows a scanning electron microscopy (SEM) image of the area including the two 

latter patterns. After the growth, the structures have developed a hexagonal shape. This happens because 

when GaN, with its hexagonal crystalline structure, is grown in a c-plane (0001) direction, it develops a 

hexagonal structure. [17]  The superelevations are visible too, particularly on the structures with larger 

diffusive areas.  The mask material will be used as the reference to describe the samples.  
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Figure 1. (a) Schematic showing the three circular patterns under study. Pattern A is the 5 mm-diameter circle, Pattern B is 

the 90 µm-diameter circle with diffusion distance of 10 µm and Pattern C is the 90 µm-diameter circle with diffusion distance 

of 20 µm. The black arrows show the diameters of the patterns and the red arrows the diffusion distance around them, (b) 

SEM image of the 90 µm-diameter structures with different diffusive areas around them on the Al2O3 mask sample of the 

second set. Pattern B and Pattern C are noted on the image. Al2O3 mask appears darker compared to GaN 

 

Figure 2 shows the SSRM images of the top-view measurements at the center and the edge of Pattern A 

on the first set of samples, which had a single non-intentionally doped GaN layer. The features observed 

in the images are the atomic steps on the GaN surface where the resistance is modified due to a change 

in the contact area with the tip. The resistivity at the center of the circle on the SiO2 and SiN mask 

samples is higher than that at the edge. Consequently, the doping concentration at the edge of the 

structure is higher. This difference is due to the unintentional doping. In the case of the Al2O3 mask 

sample, no signal is obtained, which implies that the resistivity of the layer is too high to measure. 

 

 

Figure 2. Top-view SSRM measurements on Pattern A on the SiN, SiO2 and Al2O3 mask samples of the first set at the (a) 

center and (b) edge of the pattern  
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In order to try to quantify the doping in these layers, cross-sections were prepared of the edge of Pattern 

B, on the SiO2 and Al2O3 mask samples. These were examined and the SSRM images are shown in 

Figure 3. The images, especially that of the Al2O3 mask sample, may not be extremely clear, due to 

surface damage due to mechanical polishing, during the cross-section preparation. However, it is still 

possible to draw some conclusions regarding the resistance of the layers. On the SiO2 mask sample, the 

nid layer shows almost the same resistivity as the bottom n-GaN layer, thus, its doping concentration is 

around 5 x 1018 cm-3. This is several orders of magnitude too high for the fabrication of vertical power 

components. On the other hand, the SSRM measurement on the Al2O3 mask sample shows that no signal 

is obtained from the area where the nid layer is supposed to be. As the sample with Al2O3 mask is too 

resistive to measure, this is promising for device fabrication, but it was necessary to push the SSRM 

further in order to quantify the doping in these layers.  

 

Figure 3. SSRM measurements on the cross-section of the edge of Pattern B on the (a) SiO2 and (b) Al2O3 mask sample of the 

first set 

The second set of samples, where the intentionally-doped layers can be used as a reference, are therefore 

well adapted to calibrate the SSRM measurements. Figure 4 shows the SSRM measurements on the 

cross-sections of the edge of Pattern B on all samples and Figure 5 shows those of Pattern C. For the 

SiN mask samples, all the intentionally doped layers appear to have roughly the same resistivity, the 

same as for the bottom n-GaN layer grown before patterning. For the nid layer in both figures, although 

it shows a higher resistivity, the AFM images, obtained during the SSRM measurements, show that on 

this area there is a change in the morphology of the surface, perhaps due to the preparation of the cross-

section. This has not been fully understood, but it would be extremely surprising for the nid sample to 

have significantly higher resistivity than the layer with a nominal doping of 5 x 1016 cm-3. The SSRM 

measurement on the SiO2 mask samples gives a similar result. All of the layers are roughly the same 

color, with the exception of a thin top layer which has a higher resistivity.  This layer does not correspond 

to the whole nid layer, but once again corresponds to a difference in morphology seen by AFM. Once 

again, we attribute this change in resistivity to the morphology, and we consider that the nid layer has a 

very similar doping level to the other intentionally doped layers. 
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Figure 4. Left column: AFM images in contact mode on the cross-section of the edge of Pattern B on the SiN, SiO2 and Al2O3 

mask samples of the second set, Right column: SSRM measurements on the same area, with nominal intentional doping of 

each layer labelled in yellow 

 

Figure 5. Left column: AFM images in contact mode on the cross-section of the edge of Pattern C on the SiN, SiO2 and Al2O3 

mask samples of the second set, Right column: SSRM measurements on the same area, with nominal intentional doping of 

each layer labelled in yellow 

In the case of the Al2O3 mask sample, all four layers can be clearly distinguished. The layer of nominal 

doping concentration 5 x 1018 cm-3 appears to be slightly more resistive than the n-GaN layer grown 

before patterning, hence it has a doping concentration slightly lower than 5 x 1018 cm-3. This is likely 

due to additional Ga diffusing from the mask, and so diluting the dopant atoms. For the next layers, the 

resistivity gradually increases, as expected, since the doping concentration of each layer decreases. 

Furthermore, the AFM image shows a smooth surface, with no changes in the morphology of the surface. 

Unlike the other two samples, the unintentional doping in the structure is extremely low. 
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Figure 6. (a) Dotted lines: Conductivity of Pattern B, Solid lines: SIMS measurements of Si on the same structure on the SiN, 
SiO2 and Al2O3 mask samples of the second set (b) SIMS measurements of Si on Pattern A on the SiN, SiO2 and Al2O3 mask 

samples of the second set 

In order to validate the SSRM measurements, and in particular to examine the concentration of Si, SIMS 

measurements were carried out at the center of Pattern B and at the center of Pattern A for the three 

samples of the second set. 

Figure 6(a) shows the conductivity profiles extracted from the SSRM measurements as dotted lines and 

the SIMS measurements of Si concentration on Pattern B as solid lines. The SiN and SiO2 mask samples 

show similar conductivity profiles, as expected from the images in Figure 4, with both showing roughly 

constant conductivity throughout the structure, apart from near the surface where we suggest that the 

conductivity is altered by the surface morphology due to the sample preparation. We do not find the 

same absolute values for the nGaN layer before patterning, which shows the limitations of SSRM, but 

as relative measurements, calibration samples such as these can give quantitative data. For the Al2O3 

mask sample, the conductivity profile shows clear step evolution, as seen in the images of Figure 4. In 

addition, we can note that the nid layer does not show a constant conductivity, but it decreases towards 

the top. 

The SIMS measurements show the same trends. The Si concentration in the SiN mask sample is very 

high, starting from 1019 cm-3 for the first two layers and then increasing to 2 x 1020 cm-3. Although, it is 

possible that, in this concentration, there is Si coming from the mask, it is not expected to be lower than 

5 x 1018 cm-3, as the electrical measurements show high conductivity. On the SiO2 mask sample, the 

bottom n-GaN and the first regrown layer have a Si concentration of 6 x 1018 cm-3. The other layers have 

high Si concentrations, of the order of 1018 cm-3, suggesting that Si is coming from the mask to cause 

unintentional doping. The SIMS measurement of the structure on the Al2O3 mask sample verifies that 

there is no unintentional doping in the structure, since the Si concentration in each layer agrees with the 

nominal values. The measurement on the nid layer is noisy but it shows a low Si concentration of low 

1016 cm-3. This is at the detection limit reachable for the SIMS measurement in this experimental context, 

and is therefore consistent with very high resistivity observed. 



8 
 

Figure 6(b) shows the SIMS measurements performed at the center of Pattern A for all three samples. 

This time, the signal is much clearer, as there can be no interference from the mask, and we see that for 

the SiN and SiO2 mask samples the unintentional doping remains high. Apart from the first two regrown 

layers, where the Si concentration is about 5 x 1018 cm-3 and 1018 cm-3 respectively in both samples, the 

other two layers have a Si concentration between 3 x 1017 cm-3 and 5 x 1017 cm-3. These concentrations 

are at least one order of magnitude higher than the nominal values. Therefore, the unintentional doping 

concentration in both cases is higher than 1017 cm-3. On the Al2O3 mask sample, the SIMS measurement 

shows a profile similar to that for Pattern B but the Si concentration of the nid layer is lower, and a 

silicon concentration of 5 x 1015 cm-3 has been achieved. This was to be expected because there is no 

obvious source of silicon with an Al2O3 mask. 

The carbon and oxygen concentrations were also investigated by SIMS, as they can act as dopants of 

GaN. As can been seen in the Figures S1 and S2 of the appendix, in the case of Pattern B on the SiN 

and SiO2 mask samples, their concentration is higher than 1018 cm-3. On the Al2O3 mask sample, the 

carbon concentration is lower than 5 x 1016 cm-3, whereas that of O is 1018 cm-3 in the nid layer and it 

decreases in the other layers. The profiles of this pattern are hard to interpret, as there may be some 

material being sputtered from the masks, thus further study is required for the understanding of the 

doping concentration. In Pattern A, the concentrations of both elements are lower than 1017 cm-3. In 

particular, on the Al2O3 mask sample, the carbon concentration is about 4 x 1016 cm-3 and the oxygen 

concentration is 5 x 1016 cm-3. This suggests that the doping concentration of the epitaxial layers is 

dominated by Si. 

From these analyses, we can see that SiN and SiO2 are not suitable as mask materials for the localized 

growth of GaN on Si wafers, for vertical power devices because of the high unintentional doping 

concentrations. However, when comparing the SIMS data and the resistivity data of the layers with 

Al2O3 mask, we can see that we have achieved record values of non-intentional doped layers for 

localized growth of GaN, with a carrier concentration <1 x 1016 cm-3. 

Returning to Figure 4 and Figure 5, both the AFM and SSRM images, the thickness of the structure can 

be extracted, which is 6 µm for the layers of Pattern B, and nearly 7 µm for Pattern C. These values are 

larger than the “nominal” values from 2D growth due to the Ga atoms diffused from the mask onto the 

structures. In addition, the larger diffusion distance of 20 µm leads to increased thickness, again due to 

additional gallium diffusing from the mask. These islands show no cracking at the surface, showing 

good progress towards the desired 10 µm thick layers. 

 

4. Conclusions 

In this study, the unintentional doping concentration in localized grown GaN layers has been 

investigated, by employing three mask materials. When SiN and SiO2 are the epitaxy masks, the 

diffusion of the Ga atoms causes an unintentional doping concentration in the GaN layers of the order 

of 1018 cm-3. Such a doping concentration makes the fabrication of high quality vertical power devices 

impossible. However, for an Al2O3 mask, the unintentional doping in the GaN layers is extremely low. 

For the first time, we have shown that SSRM can be used to image GaN layers with a doping 

concentration of the order of 1016 cm-3, and with this technique in combination with SIMS, we confirm 

that we have achieved layers with record low doping levels for localized growth of GaN, < 1 x 1016 cm-

3.  These layers were uncracked structures up to 7 µm and so these are very promising steps towards the 

material properties required for 1200 V vertical devices by localized growth. 
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