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Minority carrier diffusion lengths in low-doped n-InGaAs using InP/InGaAs double-heterostructures

are reported using a simple electrical technique. The contributions from heavy and light holes are

also extracted using this methodology, including minority carrier mobilities and lifetimes. Heavy

holes are shown to initially dominate the transport due to their higher valence band density of states,

but at large diffusion distances, the light holes begin to dominate due to their larger diffusion length.

It is found that heavy holes have a diffusion length of 54.56 0.6lm for an n-InGaAs doping of

8.4� 1015 cm–3 at room temperature, whereas light holes have a diffusion length in excess of

140lm. Heavy holes demonstrate a mobility of 6926 63 cm2/Vs and a lifetime of 1.76 0.2ls,

whereas light holes demonstrate a mobility of 62006 960 cm–2/Vs and a slightly longer lifetime

of 2.66 1.0ls. The presented method, which is limited to low injection conditions, is capable of

accurately resolving minority carrier transport properties. VC 2017 Author(s). All article content,

except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5002677

Minority carrier diffusion lengths are critically influential

in optoelectronic device performance, for example, solar cells,

photodetectors, and heterojunction bipolar transistors. Several

methods presently exist to measure these, including electron

beam induced current (EBIC) along a cross-sectional pn

junction,1 cathodoluminescence (CL) measurements on dou-

ble-heterostructures,2–4 zero-field time-of-flight,5,6 and sur-

face photovoltage7,8 to name a few. Coupling these diffusion

lengths to lifetime measurements typically obtained from

time-resolved photoluminescence, time-of-flight experiments,

or time-resolved CL measurements,9 one can then infer

minority carrier mobilities if both measurements are per-

formed for a comparable excess carrier concentration. These

parameters can be critical in designing minority carrier devi-

ces, for example, in cases where minority carrier mobilities

exceed majority carrier mobilities6 or in solar cells where

minority carrier diffusion lengths are on the order of the active

region thickness.10

Each of the aforementioned methodologies has its inher-

ent advantages and disadvantages. For example, the zero-field

time-of-flight method is simple in principle but becomes

obfuscated when fitting the transient photovoltage for a heter-

ojunction such as an InP/InGaAs photodetector. For cross-

sectional EBIC, the method can be destructive since samples

must be well polished for a clean cross-section, and the

requirement of an electron microscope can result in significant

time and effort. Thus, it is of interest to develop an overall

simpler method to measure minority carrier diffusion lengths.

Here, we present a purely electrical method capable of

extracting diffusion lengths. The method is demonstrated

using an n-type InP:Si/intrinsic InGaAs/n-type InP:Si double-

heterostructure which is used to make pin short wave infrared

detectors and focal plane arrays.11 Furthermore, this method is

shown to be capable of separating the contributions of heavy

and light holes, and, with a few assumptions, determining the

lifetimes and diffusion constants (i.e., mobilities). The

required test devices can also be included on production

wafers to monitor the material and fabrication quality across

the wafer and from epitaxial run to run. These test structures

consist of long (750lm) and thin (10lm) diffused junction

line diodes as shown in Fig. 1. The junction is created by Zn

diffusion through the InP and about 100 nm into the InGaAs

material. The inter-line diode separations range from much

shorter to much longer than the diffusion length. Note that,

during the measurement, one can bypass one diode to obtain a

larger distance, as illustrated by d6 in Fig. 1.

The basic physics is summarized in detail elsewhere.11,12

Essentially, forward biasing one line diode injects minority

carriers into the InGaAs layer leading to diffusion of carriers

through the InGaAs channel. This can be seen in Fig. 2 that

shows a simulated cross-section of the device in terms of the

hole concentration as a function of depth and lateral position

between two adjacent line diodes using Atlas by Silvaco

(v.5.23.12.C), assuming default material properties.13 The

FIG. 1. Set of long and thin diffused junction diodes with inter-diode spac-

ings d1::6, where the diode length ‘ � d1::6.
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hole concentration is uniform across the thickness of the

InGaAs layer since its thickness (2.7lm) is significantly

smaller than the diffusion length. The carriers which diffuse

to an adjacent line diode are collected by applying a zero or

slightly reverse bias with respect to the bottom InP layer

which serves as the ground contact. Assuming low injection,

if the length of the line diode ‘ is sufficiently long compared

to the maximum interdiode distance di, and if di is much lon-

ger than the InGaAs thickness, the hole current can be

described by the one dimensional diffusion equation. The hole

density under the injecting diode is pinj, which is dictated by

the applied bias, and the hole concentration at the collecting

diode is the equilibrium value p0 since the collecting diode is

maintained at zero applied bias. Using these boundary condi-

tions and assuming no interface recombination, solving the

diffusion equation leads to the solution in terms of the col-

lected hole current density Jp(W) as a function of interdiode

separationW given as11,12

JpðWÞ ¼
qDðpinj � p0Þ

LsinhðW=LÞ
; (1)

where L is the diffusion length, D ¼ lkBT=q is the diffusion

coefficient, l is the mobility, kB is Boltzmann’s constant, T is

the temperature, and q is the electronic charge. In the case of

low injection, the initial (injected) hole density pinj can be cal-

culated using pinj ¼ n2i =ND expðqV=kBTÞ, where ni is the

intrinsic carrier concentration and ND ¼ 8:4� 1015 cm�3 is

the donor concentration in the InGaAs extracted using CV

measurements on 200lm diameter devices. Finally, p0 is the

equilibrium hole concentration given by p0 ¼ n2i =ND. Note

that the cross-sectional area used to scale the measured current

to a current density is given by A ¼ t� ‘, where t is the

InGaAs thickness and ‘ is the length of the diode. Fitting Eq.

(1) to experimental data thus reveals the minority carrier dif-

fusion length L and the mobility l, thus giving access to the

lifetime s. An electron effective mass of 0.043me is assumed

for InGaAs, along with heavy and light hole effective masses

of 0.46me and 0.047me, respectively, and a room temperature

bandgap of 0.734 eV.14 This gives an intrinsic carrier con-

centration of ni ¼ 6:14� 1011 cm�3 for room temperature

(T¼ 296K).

However, an important consideration that is easy to

overlook is the interdiode separation W. The simulation

results of Fig. 2 show that the hole concentration is nearly

constant under the injecting diode but starts decreasing by

1%–2% within �1lm of the inside edge of the diode. On

the other hand, the hole concentration drops rapidly to the

equilibrium concentration from the leading edge of the col-

lecting diode. The separation of the diodes therefore starts a

small distance inside the edge of the injecting diode and

ends some distance past the leading edge of the collecting

diode. This separation correction, d, to the interdiode separa-

tion W, defined from the inner edges of two diodes, is dis-

cussed later.

Current-voltage measurements were made using a

Hewlett-Packard HP4155C Semiconductor Analyzer. The

results from devices from two different wafers than the device

reported here were reported in Ref. 11 and are similar to the

present results. A fit to measured collected current densities

for an applied bias of 0.3V to Eq. (1) with fitting parameters

L¼ 66.6lm and D¼ 23.5 cm2/s is shown in the inset of

Fig. 3, assuming a separation correction of d ¼ 2.5lm. The

measured collected current for the largest separation of

330lm is well above the theoretical fit, and the point at

210lm is also above, albeit slightly. These higher than

expected currents at large diffusion distances can be

explained by the existence of light holes with a longer diffu-

sion length than heavy holes.

In order to account for both heavy and light holes, two

versions of Eq. (1), one for heavy holes and one for light

holes, can be added together to give the total collected cur-

rent. The number of fitting parameters doubles, which can

lead to more ambiguity in the fit. One must first calculate the

fraction of the injected hole concentration composed of

heavy holes, fHH, which is dictated by the ratio of heavy hole

density of states to the total valence band density of states N
v

(ignoring the split-off band), given as

FIG. 2. Simulated carrier concentration as a function of depth in device and

lateral distance between two adjacent diodes using Atlas (v5.23.12.C) by

Silvaco. Regions of very low hole concentration correspond to InP. The red

to violet color coding represents the magnitude of the carrier concentration.

FIG. 3. Measured collected current density as a function of interdiode sepa-

ration W for V¼ 0.3V, including the best-fit to Eq. (1) for light and heavy

holes and the sum of both terms. The inset shows the fit according only to a

single hole type.
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fHH ¼
NHH
v

NHH
v

þ NLH
v

¼
m

3=2
HH

m
3=2
HH þ m

3=2
LH

; (2)

the fraction for light hole occupation is analogous, or simply

given as fLH¼ 1 � fHH. For the adopted heavy and light holes

effective masses, heavy holes dominate the valence band

density of states by a factor of �30.

The best fit of Eq. (1) for the sum of heavy and light

holes, as well as their individual contributions, is illustrated

in Fig. 3 for an applied bias of 0.3V. The fit is achieved

using a nonlinear least squares fitting algorithm from Matlab

R2017a’s curve fitting toolbox. The algorithm uses the diffu-

sion length and diffusion constant for both light and heavy

holes, respectively, as fitting parameters. Standard errors for

the best-fit parameters are computed using the mean square

errors and the Jacobian matrix at the solution (i.e., neglecting

the higher order terms to approximate the Hessian matrix,

which is reasonable since the residuals are close to zero at

the solution). It is clear that adding a term specifically for the

light holes yields a much better agreement for the largest

interdiode separations. The heavy and light hole diffusion

lengths are extracted to be 53.96 0.8 lm and 1926 22 lm,

respectively, again assuming a separation correction of

d¼ 2.5 lm. These can be compared to the diffusion length of

66.6 lm found using the single carrier model. This single

carrier value thus represents an effective diffusion length,

combining both a shorter heavy hole diffusion length and a

longer light hole diffusion length. These diffusion lengths

are within the range of previously determined diffusion

lengths of 140 lm at room temperature for a lower doping of

1015 cm�3.15 From the results in Fig. 3, for short interdiode

separations, the current is mainly due to heavy holes; in par-

ticular, for W¼ 0, �80% of the current is due to heavy hole

transport. This decreases to 50% at 200 lm, beyond which

light holes dominate the transport. For minority carrier devi-

ces such as InGaAs/InP pnp transistors, light holes can con-

tribute �20% of the diffusion current.

It is now important to discuss the influence of the separa-

tion correction to the interdiode separation W on the extracted

diffusion length. For example, setting this to d¼ 0.5lm

results in a heavy hole L¼ 58.66 3.5 lm (a 9% increase)

and light hole L¼ 2486 190 lm (a 30% increase); note the

large uncertainties. Exceeding 2.5 lm further decreases the

diffusion lengths but also increases the uncertainties. A value

of 2.5 lm is thus used in the remaining analysis and is

assumed to be constant as a function of separation.

The fitting can be performed as a function of voltage to

investigate the injection level dependence of the diffusion

lengths for this sample. This also tests the ability of the

method to extract consistent parameters. The results are

illustrated in Fig. 4, where the applied bias is shown on the

bottom axis and the corresponding injected hole concentra-

tion is shown on the top axis. One can observe a near con-

stant diffusion length across the voltage range of 0.2–0.4V

for the heavy holes, which validates the robustness of the

method. The light holes, however, show a trend of increasing

diffusion length for increasing voltage, although it could be

considered constant within the error bars. This may be due to

the choice of the separation correction value and/or by

assuming that it is constant as a function of separation. It is

further complicated by the random error in the current mea-

surement. Improving the determination of the W correction

factor requires further investigation using careful device sim-

ulations. The standard deviation for heavy hole diffusion

lengths (<%) is significantly smaller than for light holes

(�25%). This is due to the heavy hole parameter fitting

being based on sufficient data points, whereas light hole

parameters rely mainly on the last two data points. More

data points for larger interdiode separations would improve

the accuracy of the extracted light hole diffusion lengths,

and this may clarify the observed trend of increasing L for

increasing voltage. Lastly, the standard error is observed to

vary considerably depending on the fit (even if it appears

good by eye), and this is due to current measurement errors.

Overall, the light hole diffusion lengths are �3� longer than

the heavy hole diffusion lengths, which is a result of the

larger light hole mobility (discussed next). Also, increasing

the hole injection beyond V> 0.4V leads to a breakdown of

the model’s low injection assumption. Lastly, fitting at suffi-

ciently low voltage (V< 0.2V) results in large uncertainties

due to the significant scatter in the data arising from hystere-

sis in the current measurement and the overall high noise in

measuring currents below 10 pA. Improving the accuracy of

the current measurement would result in more accurate diffu-

sion length parameters.

The minority carrier mobilities are also obtained as a

function of voltage from the fit to the data. The results are

illustrated in Fig. 5(a). The average mobilities are 6926 63

and 62006 960 cm2/Vs for heavy and light holes, respec-

tively. The observed trends of decreasing mobility for

increasing voltage were not expected. Further investigation

into this is required to determine if this observation is real.

Note that the mobility results depend strongly on the choice

of band parameters (which dictate the calculated injection

level) and temperature. The choice of separation correction d

primarily influences the light hole transport properties.

Nevertheless, light holes are determined to be significantly

more mobile than heavy holes by a factor of �9, which is

expected based on their effective masses as well as their

FIG. 4. Extracted hole diffusion length in n-InGaAs as a function of applied

bias on a logarithmic scale (injected hole concentration shown on the top

axis).
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extracted diffusion lengths. The light hole mobility is some-

what smaller but on the same order of magnitude as the elec-

tron Hall mobility (�14 000 cm2/Vs) for the intrinsic

material,16 considering their similar effective masses.

Interestingly, the heavy hole mobilities are considerably

larger than the majority hole Hall mobility of 269 cm2/Vs for

the corresponding sample doping level of 8.4� 1015 cm�3.16

Overall, the heavy and light hole mobilities fall within the

range of hole and electron mobilities from Sotoodeh [see

horizontal lines in Fig. 5(a)]. With respect to other published

data, the hole mobility reported here is greater than the

425 cm2/Vs value reported by Gallant and Zemel.15 This

emphasizes the importance of characterizing minority carrier

mobilities for device design and simulation. Overall, careful

temperature control is critical for this component of the

study. Lastly, a better knowledge of band parameters would

improve the extraction of the mobilities.

Finally, Fig. 5(b) illustrates the extracted lifetimes for

heavy and light holes as a function of injection. The heavy

hole lifetime corresponds to the lifetime dictated by the radi-

ative recombination coefficient Brad ¼ 0:75� 10�10 cm3=s
and the doping, indicated by the horizontal line. This is in

agreement with other studies conducted on low-doped

InGaAs.11,17–19 While technically this method cannot distin-

guish between bulk recombination in the layer and surface

recombination at the hetero junction interfaces, the apparent

dominance of radiative recombination justifies the assump-

tion of negligible surface recombination. The lifetimes for

heavy holes are more accurate than those for light holes. For

the device reported here, as well as other devices, the light

hole lifetime appears to be longer than for heavy holes.

Again, more data in the range of the largest interdiode sepa-

rations would be required to improve the accuracy of the

lifetime for the light holes. An independent measurement of

the effective lifetime (both heavy and light holes) could also

reduce the fitting parameters, thereby potentially providing

better results for the diffusion length and mobility.

In conclusion, a simple and nondestructive electrical

method was proposed to extract minority carrier diffusion

lengths, mobilities, and lifetimes using long and thin diffused

double-heterostructure diodes. The proposed method was

demonstrated in low-doped n-InGaAs lattice matched to InP

for a sample doped to 8.4� 1015 cm�3. Heavy and light hole

diffusion was observed as separate contributions, with a

heavy hole diffusion length of 54.46 0.6 lm (averaged over

injection) and a light hole diffusion length of 1956 26 lm.

The hole mobilities were extracted to be 6926 63 and

62006 960 cm2/Vs for heavy and light holes, respectively.

Ultimately, radiative recombination dominates the lifetime

component, which is found to be 1.76 0.2 ls for heavy holes

and 2.66 1.0 ls for light holes. The method is limited to low

injection and to diffusion lengths longer than the InGaAs

layer thickness.
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