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ABSTRACT

We evaluate hydrazine (Hy) as a nitrogen precursor source for the growth of
GaNAs and GaInNAs for application in 1-eV solar cells lattice-matched to GaAs,
and compare it to the more commonly used dimethylhydrazine (DMHy). The
incorporation efficiency of N into the GaNAs alloy is found to be one to two
orders of magnitude higher with Hy than with DMHy. This high N incorporation
makes convenient the growth of GaNAs at higher growth temperatures,
Tg=650°C, and arsine flows, AsH3/III=44, than are generally possible with the
use of DMHy. GaInNAs and GaNAs solar cells are grown under these growth
conditions and compared to a GaAs cell grown under the same conditions to
determine the extent to which the poor minority-carrier properties routinely
observed for the N-containing material can be attributed to the growth conditions.
Finally, the background carrier concentrations for Hy- and DMHy-grown material
are compared, and little difference is found between the two sources.

INTRODUCTION

Recently, there has been significant interest in the potential for improving upon the record
30% efficiency (1-3) (AM1.5 direct, 200 suns) of the GaInP/GaAs two-junction solar cell by
adding a third junction with a 1-eV band gap and a fourth junction based on Ge at 0.7 eV band
gap. Projected efficiencies (4) for such a four-junction structure are greater than 40%, if the third
and fourth junctions can be made with near-ideal performance, as has been achieved with the
GaInP and GaAs junctions (4). It has been shown that Ga1−xInxNyAs1-y can be grown with a 1-
eV band gap and a lattice constant matched to GaAs for y≈0.02 and x≈3y (5,6). Therefore,
GaInNAs is a natural leading candidate for the third junction of the proposed three- and four-
junction solar cell structures (7,8). However, GaInNAs with adequate minority-carrier properties
has not been achieved. Low photocurrents and photovoltages, reflecting low minority-carrier
diffusion lengths and high junction recombination, have limited the performance of GaInNAs-
based cells grown thus far, so that they are not adequate for application in the multijunction
structure (9). Furthermore, a high background doping on the order of 1017 holes/cm3 is typically
observed for the as-grown material. This is usually attributed to the high carbon contamination
observed with secondary-ion mass spectrometry (SIMS) (9). This background doping makes it
difficult to generate low-doped layers for the p-i-n structures that are commonly used to improve
photocarrier collection in low-diffusion-length material.

The precursors used in the growth of electronic materials can have an important effect on the
electronic properties of the materials. For GaInNAs, dimethylhydrazine (DMHy) has typically
been used as the nitrogen precursor for growth of this material by organometallic vapor-phase
epitaxy (OMVPE). As an alternative to DMHy, hydrazine (Hy) has been shown to be an effective
nitrogen precursor for the growth of GaN by molecular-beam epitaxy (10). Also, since the Hy
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molecule contains no carbon in its structure while the DMHy molecule does, Hy might be
expected to result in lower carbon incorporation into the GaInNAs epilayer than DMHy does. In
this paper, we discuss the use of Hy for the OMVPE growth of GaInNAs. We contrast the
composition of the GaInNAs, and its resulting electronic properties, with that of material grown
using the more conventional DMHy nitrogen precursor.

EXPERIMENTAL

For simplicity, most of the work focused on the In-free ternary GaNAs, although some
epilayers of lattice-matched GaInNAs were studied as well. Epilayers of these materials were
grown by atmospheric-pressure OMVPE on GaAs substrates oriented 2° towards (111)B from
(100), at growth temperatures Tg ranging from 550°–650°C. Growth rates were nominally
5µm/hr (although the actual rate measured from the thickness was found to be significantly less
for some of the high-N-content samples, as discussed below). Trimethylgallium (TMGa),
trimethylindium (TMIn), and arsine (AsH3) were used as precursors for Ga, In, and As. DMH
and Hy were used as N precursors. The N precursors were used in bubblers, at room
temperature, with hydrogen as a carrier gas.

The nitrogen content of the grown epilayers was determined from X-ray diffraction (9) and
selectively cross-checked with SIMS. To measure the carrier concentration and band gap of each
epilayer, a Schottky-barrier-like junction was formed between the epilayer and a liquid
electrolyte. The carrier concentration was measured from the capacitance-voltage (CV)
characteristic of the junction, and the band gap was determined from the band edge of the
spectral photoresponse of the junction (11). For epilayers that did not have a measurable X-ray
peak and band gap, the compositions were measured by Auger electron spectroscopy.

RESULTS

Epilayer Composition

Figure 1 summarizes the dependence of the nitrogen content of the grown GaNAs epilayers
on the flow rates of the AsH3 and nitrogen sources; the flows are normalized to the group-III
flows. The figure shows that significant N incorporation (i.e. on the order of 1%, enough to
reduce the bandgap below that of GaAs by 0.1 eV or more) can be achieved using the Hy
precursor. Indeed, the Hy/III flow ratios which yield a given N incorporation are one to two
orders of magnitude lower than the DMHy/III flow ratios required to give the same N
incorporation using the DMHy precursor. Thus, the Hy source is a much more efficient N
precursor for GaNAs growth than is DMHy. Unfortunately, under the growth conditions
described here, it was not found to be possible to obtain N contents of greater than ~2% using
Hy; as the Hy flow is increased, the composition of the resulting epilayer is found to make a
sudden transition from crystalline GaNyAs1−y with y<<1 to nanocrystalline or amorphous
material with y≈1. The Hy flow at which this transition occurs decreases with decreasing growth
temperature Tg and AsH3/III flow. This behavior is consistent with the general trend of increased
N incorporation for decreased Tg and AsH3/III flow. This trend is illustrated in Fig. 1, and has
been reported by others previously (12,13).
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Fig. 1. Comparison of N content y in GaNyAs1−y grown with Hy and DMHy N precursors, as a function of  N
precursor flow, for several different AsH3 flows. In panel (a) the epilayers grown using Hy were grown at
Tg=550°C and the epilayers using DMHy were grown at Tg=570°C; in panel (b), all epilayers were grown at
Tg=650°C. The dashed lines are a guide to the eye.

Solar Cells Grown at High Tg and AsH3/III

A useful consequence of the high N incorporation using the Hy precursor is that it makes
possible the incorporation of significant quantities of N into the Ga(In)NAs even at relatively
high Tg and AsH3/III flow. For instance, Fig. 1 shows that using Hy at Tg=650°C and
AsH3/III=44, an N incorporation of 0.7% is obtained at Hy/III=32. This composition has a
corresponding band gap of 1.29 eV. In contrast, at the same Tg and AsH3/III using DMHy, only
0.3% N incorporation was observed even with DMHy/III=570. To obtain increased N
incorporation with DMHy without raising the DMHy flow, it is necessary to reduce either Tg or
AsH3/III. For instance, GaNAs growth using DMHy is frequently accomplished with Tg<600°C
and AsH3/III<10. These conditions can have an adverse effect on the electronic properties of the
material even if the material being grown is simply GaAs. In contrast, at Tg=650°C and
AsH3/III=44, high-quality GaAs is readily obtained. Therefore, the ability to grow GaInNAs at
Tg=650°C and AsH3/III=44 makes it possible to determine whether the poor minority-carrier
properties observed in GaInNAs can be improved simply by raising Tg and AsH3/III.

To test this, two solar cells were grown. One cell with a GaNAs active layer was grown under
the same  conditions,Tg=650°C and AsH3/III=44, as the Eg=1.29 eV epilayer discussed above.
Another cell was grown almost identical except that In was added to give lattice-matched
GaInNAs. The device structure for these cells consists of an 0.1-µm-thick n-type GaAs emitter
on a 1-µm-thick p-type GaNAs or GaInNAs base, clad on both sides by GaInP passivating layers.
The measured base band gaps for both cells were 1.26 eV. For comparison, a third cell was
grown with a structure identical to that of the preceding two, except that the base is GaAs rather
than GaNAs or GaInNAs.

The measured quantum efficiencies and illuminated current-voltage (IV) curves for these
devices are shown in Fig. 2. Calculated IV curves for ideal GaAs and 1.26-eV Ga(In)NAs cells
are also shown for comparison. The figure shows that the Ga(In)NAs cells have poor quantum
efficiencies and voltages, as is observed consistently for cells made from Ga(In)NAs. In contrast,
the GaAs cell grown under the same conditions of Tg and AsH3/III has near-ideal characteristics.
This comparison confirms that the poor characteristics of the nitrogen-containing material are not
caused simply by the Tg and AsH3/III growth conditions.
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Fig. 2. (a) Internal quantum efficiencies for GaInNAs, GaNAs, and GaAs cells with 1-µm-thick bases. Except for
the composition of the active layers, the designs and growth conditions for these cells are virtually identical. The
active layers were grown at Tg=650°C with AsH3/III=44. (b) Current-voltage curves of the cells of panel (a),
measured for the AM1.5 direct spectrum. The short-circuit current was set to the current obtained by integrating the
external QE against the AM1.5 direct spectrum from the cell bandgap to 0.6 eV above the bandgap. Thus the
currents shown are for devices without an antireflection coat. Calculated IV curves for ideal GaAs (1.41eV) and
GaInNAs (1.26eV) cells are shown for comparison.

Background Carrier Concentration

Figure 3 compares the background carrier concentration for GaNAs epilayers grown with
DMHy and Hy as a function of band gap / N concentration. The p-type background doping does
not appear significantly lower than with DMHy, an unexpected result considering the presence of
carbon in Hy and its absence in DMHy . (It should be noted that purification of the Hy source
material, which was not performed for the present data set, could result in lower background
concentrations).
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Fig. 3. Background carrier concentration for
GaNAs and GaInNAs epilayers grown with DMHy
and Hy, as a function of band gap (or N
concentration). Carrier concentrations were
measured by CV.

source
DMHy Hy

(sample ID) MB328 MB535
Tg 580°C 550°C
Eg (eV) 1.110 1.088
holes/cm3 2×1017 8×1016

carbon/cm3 1×1017 2×1017

Table I. Carbon concentration measured by
SIMS vs hole concentration measured by CV for
Ga0.94In0.06N0.02As0.98 epilayers grown with
DMHy and Hy.

The metallurgical carbon concentrations for GaInNAs epilayers grown with DMHy and Hy
are shown in Table I. The carbon concentration for the layer grown with Hy is comparable to that
for the DMHy-grown layer. It is interesting to note that the carbon and hole concentrations are
not proportional, suggesting that the carbon may not be directly responsible for the background
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doping (although the uncertainties in the SIMS and CV measurements are too great for this
conclusion to be drawn firmly).

CONCLUSIONS

Hy is a useful alternative to DMHy as an N precursor in the growth of GaNAs. The N
incorporation is one to two orders of magnitude higher with Hy than with DMHy. In addition to
the consequential advantage of better source utilization, the higher incorporation makes
convenient the growth of GaNAs at the relatively high growth temperature of 650°C and
AsH3/III flow ratio of 44. Comparison of GaAs and GaNAs solar cells grown under these
conditions confirmed that the poor minority-carrier properties of the GaNAs cannot be ascribed
simply to the low Tg and AsH3/III growth conditions frequently used for the growth of this
material. Finally, even though DMHy has carbon in its structure while Hy does not, no
significant differences in the p-type background doping for the as-grown material were observed
for the Hy source compared to the DMHy source.
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